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El uso de sistemas de empaque con atmósferas modificadas (AM) puede contribuir a 
extender la vida útil de productos frescos retrasando la maduración y disminuyendo el 
deterioro por acción fisiológica o microbiana. Esto ocurre cuando se produce un equilibrio 
entre la respiración y transpiración del producto empacado y la permeación de gases a 
través del empaque llevando a una atmósfera interna favorable para su preservación. En 
esta tesis se presenta en primer lugar un modelo matemático para describir la evolución 
en los niveles de O2, CO2 y vapor de agua en el espacio de cabeza del sistema de empaque 
y la pérdida de peso del producto almacenado para un sistema de AM con perforaciones y 
de volumen variable. En segundo lugar se aplica el modelo desarrollado para determinar 
configuraciones de empaque en AM favorables para la conservación del producto y se 
desarrolla otro modelo para representar la evolución en la firmeza y color de este producto 
durante el almacenamiento. En el modelo de AM, la respiración en el producto fue 
representada usando una cinética enzimática de Michaelis-Menten, mientras que se 
consideró la transpiración y pérdida de peso como la suma del agua evaporada debido al 
calor de respiración y a la diferencia de actividad de agua entre el producto y la atmósfera 
que lo rodea. La transferencia de los gases a través del empaque fue descrita empleando 
ecuaciones de Fick de difusión, mientras se consideró que la influencia de la temperatura 
en todos los procesos anteriores sigue un comportamiento de Arrhenius. El modelo fue 
validado satisfactoriamente (R2 mayores a 0.9) empacando frutos de feijoa (Acca 
sellowiana Berg) en diferentes condiciones de almacenamiento: tipo de empaque, numero 
de perforaciones, temperatura y humedad relativa. Empleando el modelo de AM, se evaluó 
el efecto de diferentes configuraciones de empaque sobre el índice de deterioro, pérdida 
de peso, contenido de ácidos orgánicos, firmeza y color de los frutos. De acuerdo a la 
evolución de estas propiedades, los frutos empacados a 6 °C y con concentraciones de 
8.2 kPa de O2 – 5.8 kPa de CO2 se preservaron hasta 38 días, significativamente más que 
los 17 días obtenidos para frutos almacenados sin empaque a 17 °C. Con los datos 
obtenidos para las diferentes configuraciones de AM se desarrolló un segundo modelo 
para representar el cambio en la firmeza y el color de los frutos en función de la 
concentración de O2 y CO2, la temperatura y el tiempo de almacenamiento. El modelo 
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representa adecuadamente el comportamiento experimental de las propiedades evaluadas 
con coeficientes de regresión mayores a 0.93. 
 
Palabras clave: almacenamiento poscosecha, sistemas de empaque, modelado y 




By using modified atmosphere packaging (MAP) systems, it is possible to extend the shelf-
life of fresh produce, delaying the ripening process and reducing the deterioration due to 
physiological or microbial action. This occurs when an equilibrium between the respiration 
and transpiration of the packed produce and gas permeation through the packaging system 
is obtained, leading to an internal atmosphere that is favorable for preservation. This thesis 
first presents a mathematical model that describes the evolution in the water vapor, O2 and 
CO2 concentrations in the packaging headspace and the weight loss of produce packed in 
a MAP system with perforations and variable volume. Secondly, the developed model was 
used to determine a packaging configuration that is favorable for the preservation of the 
packed produce and to develop other models to represent the evolution in firmness and 
color of this produce during storage. In the MAP model, the respiration was represented 
using Michaelis-Menten enzyme kinetics. Transpiration was considered as the sum of the 
water evaporated due to the respiratory heat and the difference in water activities between 
the fresh produce and the surrounding atmosphere. The gas transfer through the packaging 
and the perforations was described with Fick equations. The temperature influence on all 
of these processes was considered following Arrhenius’ law. The model was successfully 
validated (R2 greater than 0.9) by packing feijoa fruits (Acca sellowiana Berg) in different 
storage conditions: packaging, perforations, relative humidity and temperature. Using the 
MAP system, the effect of the different packaging combinations on the storage-life of the 
fruits was determined by evaluating the change in the deterioration index, weight, firmness, 
color and organic acids. According to the evolution of these properties, the fruits packed at 
6 °C and with 8.2 kPa of O2 and 5.8 kPa of CO2 were preserved for up to 38 days, 
significantly more than the 17 days obtained for fruits stored without packing at 17 °C. With 
the data obtained for the different MAP configurations, a second model to describe the 
evolution in firmness and flesh color of the stored fruits, depending on O2 and CO2 levels, 
temperature and storage time was also developed. This model adequately represented the 
behavior of the evaluated properties, obtaining R2 values greater than 0.94. 
 
Keywords: postharvest storage, packaging systems, modelling and simulation, weight 
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In recent decades, demand for fresh fruits has been growing steadily worldwide. New 
habits, awareness of the nutritional importance of these foods and population increases 
have been the major reasons for this growth. Currently, there is a greater preference for 
fresh fruits with respect to these same products when frozen, canned or processed, since 
preservation of their full sensory and nutritional properties is desired.  
 
In the case of Colombia, the production and exportation of fresh fruits are becoming more 
relevant to the agricultural sector, with an increase in production from 2,577,935 to 
3,556,888 metric tons between 2002 and 2012 (Agronet, 2014). This market is very 
promising due to the low availability of these products in North America and Europe and 
the increasing demand due their nutritional and sensory characteristics (Fischer, et al., 
2005). The free trade agreements that are in the implementation phase or close to be 
implemented with Europe, Canada, South Korea and United States provide even greater 
momentum to the sector and new export opportunities that should be seized. However, 
most fruits have a very limited postharvest shelf-life that is affected greatly by storage 
conditions, such as relative humidity, temperature and availability of oxygen in the 
atmosphere surrounding the product; these conditions can contribute to deterioration. This 
has resulted in significant losses in the distribution chain, as high as 30% (CCI, 2006).  
 
Considering the need to develop a supply chain, growing demand and rapid deterioration 
for fresh fruits, it is necessary to ensure efficient production, handling and distribution of 
these products and, hence, reduce postharvest losses. The selection of suitable conditions 
during storage and distribution is of great importance since a failure at these stages will 
directly result in increasing the rate of deterioration and in a shorter shelf-life. 
 
Following harvest, fruits undergo a ripening phase, leading to the development of 
characteristic color, aroma and flavor, acidity reduction and tissue softening, to values that 
make them acceptable for consumption, which is known as eating ripeness (Kader, et al., 
1989; Herianus, et al., 2003; Lee & Kader, 2000). In the ripening stage, different 
biochemical reactions take place, leading to an increase of the respiration process, ethylene 
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production, degradation of chlorophylls and carotenoid biosynthesis, change in the 
concentration of organic acids, lipids and phenolic compounds, generation of volatiles, 
structural polysaccharides breakdown, starch conversion into sugars and loss water 
retention capacity (El-Ramady, et al., 2015; Prasanna, et al., 2007).  
 
Once the ripening substrates are consumed, other catabolic processes take place, leading 
to undesired alterations in the quality properties, which is a consequence of the progressive 
deterioration of the cell structures and the degradation of compounds responsible for the 
sensory characteristics (Lee, et al., 1995). In this period, known as senescence, the product 
ceases to be consumable, ending its useful life. 
 
The development of the biochemical processes that lead to ripening and subsequently to 
senescence and other undesirable processes that can occur due to the presence of 
microorganisms is influenced greatly by the conditions under which the product is 
maintained, such as temperature and gas composition of the surrounding atmosphere, 
mainly the concentration of O2, CO2 and water vapor (Sandhya, 2010). A conservation 
system for fresh fruits must then set those conditions at appropriate levels to meet the goals 
of maintaining quality and extending the shelf-life. 
Modified Atmosphere Packaging 
Modified atmosphere packaging (MAP) systems have been recognized as an effective 
method of preserving fresh fruits and vegetables during the storage and distribution stage 
because they slow degradation of the quality properties and delay senescence (Li, et al., 
2010; Sandhya, 2010). MAP entail the modification of the composition of gases in the 
atmosphere surrounding a packed product, to levels that are favorable for preservation. 
This modification is a consequence of the dynamic interaction of two processes: on the one 
hand, the product metabolism that through respiration and transpiration consumes O2 and 
generates CO2 and water vapor, and, on the other hand, the exchange of these gases 
through the package walls, between the headspace atmosphere surrounding the product 
and the external atmosphere (Yam & Lee, 1995; Del-Nobile, et al., 2007). This leads to the 
depletion of O2 and a rise in CO2 and water vapor concentrations in the package headspace 
(Floros & Maxos, 2005; Heydari, et al., 2012; Mahajan, et al., 2007). The goal of the MAP 
system is to regulate gas concentrations at appropriate levels, establishing a balance 
between the product respiration and transpiration and the gas exchange through the 
package, reaching an equilibrium modified atmosphere packaging (EMAP). 
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At low O2 and moderate CO2 levels, the MAP system, in general, delays the ripening 
process, reduces the consumption rate of substrates (carbohydrates, organic acids and 
other cellular structures), ethylene sensitivity and production, and physiological decay and 
increases the postharvest shelf-life of the fresh product, as compared to ambient conditions 
(Saltveit, 2004; Santos, et al., 2006). 
 
Understanding the dynamics of the interactions established between the product, the 
atmosphere surrounding it and the package is required to achieve an effective MAP system 
(Yam & Lee, 1995). It is necessary to have knowledge of the fruit physiological processes 
and gas exchange through the package so a number of variables should be associated. 
These variables are the product respiration and transpiration rates as a function of 
temperature, the optimum gas levels and the tolerance limits for the product, and the 
permeation rate of gases through the package film, which is also dependent on the 
temperature, the area of gas exchange, the free package volume (packaging headspace), 
and the product weight, among others (Jayas & Jeyamkondan, 2002).  
 
Given the large number of variables and conditions that must be determined when 
designing a suitable MAP system, past studies have sought to describe changes in the 
modified atmosphere inside packages, using mathematical models. From these models, it 
has been sought to define the conditions that the system should fulfill in order to maintain 
the product at the appropriate levels of gases and to predict the evolution of these gases 
during the storage time. 
 
A number of models have been developed to describe changes in gas concentrations in 
MAP systems (Del-Nobile, et al., 2007; González-Buesa, et al., 2009; Mahajan, et al., 
2007). In these models, the respiration process has been generally described using 
Michaelis-Menten enzyme kinetic equations and the gas exchange through the package 
using Fick diffusion equations, while the effect of temperature on both processes has been 
represented through Arrhenius equations. Otherwise, the change in the free package 
volume, which is a result of the difference in respiration and transpiration rates and gas 
permeation through the package walls, and the change in product weight due to the 
transpiration process have scarcely been taken into account. 
 
As mentioned above, the storage shelf-life of a packed food, and in general any food, is 
related to certain properties that may be indicative of quality. These properties are 
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influenced by the conditions in which that product is preserved. Many models have been 
developed to describe changes in quality properties of stored fruits as a function of some 
storage conditions (Caleb, et al., 2012; Hertog, et al., 2004; Hertog, et al., 2003; Lukasse 
& Polderdijk, 2003; Schouten, et al., 2007). However, few consider the influence of the 
storage conditions (temperature, atmosphere O2 and CO2 concentrations, and relative 
humidity) on the quality properties of the product. Each particular product has properties 
that reflect quality and ripening changes; in general, properties that are easy to measure, 
representative throughout the shelf-life, non-destructive if possible, and affected by storage 
conditions should be investigated to build prediction models. For many products, color, 
texture and weight loss have been successfully used to represent evolution in the shelf-life 
(Hertog, et al., 2001; Jha, 2010; Mangaraj & Goswami, 2011; Tijskens & Schouten, 2009). 
Feijoa fruits 
The feijoa (Acca sellowiana Berg) has been chosen as a case study in this thesis due to its 
wide potential in the horticultural sector in Colombia in the short and medium term. This 
tropical fruit is also called pineapple guava and is an evergreen shrub of the Myrtaceae 
family, native to southern Brazil and northern Uruguay (Dos Santos, et al., 2009; East, et 
al., 2009). The commercial production of feijoa is centered in New Zealand, Georgia, 
Azerbaijan, Colombia and the United States (California), with Brazil and Uruguay as 
emergent countries (Dos Santos, et al., 2009). It is widely recognized for its excellent 
nutritional qualities, with a high content of iodine and vitamin C, antioxidant compounds 
such as flavonoids and polyphenols, and anticancer and antimicrobial activity (Bontempo, 
et al., 2007; Manabe & Inobe, 2005; Parra & Fischer, 2013; Vuotto, et al., 2000). 
 
This fruit was introduced to Colombia in the eighties (Quintero & Ovalle, 1992) and has 
since been cultivated for economic purposes due to the excellent organoleptic 
characteristics that it possesses. It was placed among 10 promising fruits for cultivation in 
Colombia (DANE, 2004; Parra & Fischer, 2013) given its great adaptability and the 
availability of large regions for its production, mainly in the departments of Boyacá, 
Cundinamarca, Caldas, Antioquia and Nariño (Benavides & Mora, 2003; Parra & Fischer, 
2013). As a fresh fruit, it is highly coveted, both domestically and in foreign markets, given 
the large number of derivative products that can be obtained (Quintero, 2012). However, 
its rapid deterioration make it difficult for the fruit to be produced and marketed more widely 
(Gálvis, 2003; Valderrama, et al., 2005). At 23 °C, its shelf-life is less than one week and, 
at 17 °C, it is between 8 and 14 days (Rodríguez, et al., 2006). 
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There have been some studies that evaluated the use of MAP and refrigeration 
temperatures as a method to extend the shelf-life of feijoa fruits (East, et al., 2009; Gálvis, 
2003); however, information about how the packing system affects the evolution of the 
quality properties and storage shelf-life of this fruit is scarce. The conditions that have been 
considered more favorable in previous studies include fruits stored at temperatures 
between 4 and 6 °C and the use of MAP with low O2 and CO2 concentrations (1-5 kPa of 
O2 and 0.2-5 kPa of CO2), achieving a shelf-life of 25 to 30 days (East, et al., 2009; Gálvis, 
2003; Ramírez, et al., 2005). 
 
In this study was expected to confirm that storage in MAP systems is an effective method 
for preserving fresh feijoa fruits and to determine the more suitable packaging conditions 
for its preservation. Furthermore, it was expected to describe the changes in the fruit quality 
properties and the gas evolution inside the package by using the appropriate mathematical 
models and thus be able to pre-select the most favorable conditions for fruit preservation 
given a particular requirement. 
Research aim 
The aim of this thesis was to develop mathematical models, supported by experimental 
results, to describe changes in O2, CO2 and water vapor in the headspace of a MAP system 
for feijoa fruits, to represent the evolution in the weight, firmness and color considering the 
influence of the packaging configuration and temperature and to determine favorable 
packaging conditions. 
 
To achieve the research aim the following specific objectives were set: 
- Experimental determination of the respiration and transpiration rates for the packed 
fruit and gas permeation rates through the package in the MAP system, considering 
variations in temperature and type of packaging. 
- Mathematical representation of the evolution in O2, CO2 and water vapor 
concentrations in the internal atmosphere of a MAP system, considering the respiration 
and transpiration of the packed fruits, the gas exchange through the package and the 
dependence on temperature. 
- Experimental evaluation of changes in weight, firmness and flesh color of the packed 
fruits in the MAP system, considering variations in the package permeability and 
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storage temperature and determination of favorable MAP conditions to preserve the 
fruit. 
- Development of mathematical expressions to describe the behavior of firmness, color 
and weight for the fruits packed in a MAP system, considering the influence of gas 
concentrations inside the package and storage temperature. 
- Validation of the developed model by assessing its ability to predict the evolution in the 
gas concentration of the MAP system and in the quality properties of the packed fruits. 
Thesis structure 
This research study is divided into five chapters in addition to the introduction and the 
general conclusions. All five chapters were written in the form of articles and submitted with 
the appropriate modifications to different research journals according to each topic. In these 
chapter-articles, a response was given for the research objectives. 
 
In Chapter 1, a review of relevant mathematical models to describe respiration, transpiration 
and changes in quality properties (weight, firmness and color), depending on the storage 
conditions during the postharvest handling is presented. 
 
In Chapter 2, the mathematical approach of a MAP system is developed, a methodology to 
determine the evolution in O2 and CO2 concentrations in a package of variable volume with 
a respiring fruit inside is discussed, and the experimental determination of the required 
respiration parameters and permeability coefficients of three types of packaging materials 
with perforations is shown. As a fruit example for the development of the model, a variety 
of tomato with a low respiration rate was used. 
 
In Chapter 3, equations to describe the respiration process for feijoa fruits depending on O2 
and CO2 concentrations and temperature are presented where the respective parameters 
were established experimentally. Then, the feijoa respiration kinetics is included in the MAP 
model in a validation test to determine their usefulness to predict the O2 and CO2 evolution 
in the packaging headspace. 
 
In Chapter 4, a model to describe the transpiration process and weight loss for feijoa fruits 
in a MAP system is developed and the respective experiment parameters are estimated. 
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In Chapter 5, the mathematical models used to describe the change in firmness and color 
of feijoa fruits packed in a MAP system and depending on the gas concentration and 
temperature are presented and the more suitable conditions for its storage in MAP are 
determined. 
 
Finally, the main conclusions are stated and recommendations for future developments are 
suggested. 
 
Additional information related to publications, presentations at scientific events and funded 
projects in the development of this thesis is found in the annexes. 
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Chapter 1. Mathematical models for the 
representation of some physiological and 
quality changes during fruit storage1  
Abstract 
In fruits and vegetables, certain physiological processes, such as respiration and 
transpiration, and quality properties, such as color, firmness or weight, are used as 
consumer-based criteria of acceptability and shelf life indicators. Changes in the rates of 
oxygen consumption, carbon dioxide and water vapor generation and product quality 
properties result from a series of biochemical processes. These processes are affected by 
internal conditions such as the ripening state and by external conditions such as 
temperature or environmental gas concentration. Understanding the time-progress of these 
processes and properties, according to variables that affect the product, and the 
mathematical models that regulate them, would be beneficial in selecting the most 
appropriate storage and preservation conditions to meet determined quality and shelf-life 
requirements. In this chapter, the effect of postharvest storage conditions on biochemical 
and physiological processes related to respiration and transpiration and on quality property 
changes is described. Then, equations developed by many authors that describe the 
changes in these processes and properties according to storage conditions are reported.  
 
Key words: Color, firmness, postharvest storage, respiration, transpiration 
1.1 Introduction 
Consumers of fruits and vegetables have recently developed greater interest in the 
importance of the quality of these products (Batt, 2006; Fearne et al., 2006; Hewett, 2006). 
Thus, it has become increasingly essential for producers and distributors to use tools for 
the rapid and easy monitoring of the changes in fruit quality during the postharvest period. 
                                               
1 This chapter (with minor modifications) was published as: 
Castellanos, D.A. & Herrera, A.O. 2015. Mathematical models for the representation of some 
physiological and quality changes during fruit storage. Journal of Post-Harvest Technology, 3(1), 
18-35. http://dx.doi.org/10.5281/zenodo.47675 
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An effort has been made to correlate changes in product properties during the postharvest 
period (mainly during storage) with quality and shelf-life decline (Schouten et al., 2007; 
Lukasse and Polderdijk, 2003). These correlations could be beneficial in the development 
of models with the capacity to predict product future behavior under a wide range of 
conditions. The objective of this article is to review the models that describe respiration and 
transpiration processes, color evolution and firmness as a function of storage conditions in 
fruits in the postharvest stage.  
1.2 The effect of environmental conditions on quality 
properties 
Fruits, once harvested, are subject to chemical modifications that are mainly affected by 
environmental conditions, such as temperature. The concentration of gases, such as 
oxygen, carbon dioxide, ethylene and water vapor, directly affect the biochemical processes 
that these products undergo during ripening. These conditions should be considered in the 
postharvest storage of fruits by establishing the most suitable limits to reduce the 
deterioration rate (Kader et al., 1989; Lee & Kader, 2000). Herein, some factors are 
presented. 
1.2.1 Temperature 
Temperature is the factor that most substantially affects the rate of various metabolic 
reactions. Once the temperature increases, respiration, enzymatic processes and several 
reactions related to sensory properties such as firmness, color and flavor also increase, 
leading to a state of senescence. Likewise, as the temperature decreases, these processes 
slow down. 
Fruits must be preserved at the lowest temperature that the product can tolerate to delay 
the ripening rate without lowering it more than the critical storage temperature to avoid 
chilling injury (CI) problems in the fruit (Kader, 2002; Thomson et al., 2002). Some products 
such as avocados, bananas, grapes, lemons, limes, papayas and tomatoes do not tolerate 
low temperatures, and their optimum storage temperature is approximately 10 °C (Kader 
1997; Lukatkin et al., 2012; Saltveit, 2003). For example, softening is enhanced in tomatoes 
stored to low temperatures due to CI and loss of turgor pressure (Biswas et al. 2014). When 
mangos were stored at 12 °C, mild cold damage was caused in the skin of the fruit, 
expressed as red spots around lenticels (Pesis et al., 2000). In the case of Pawpaw fruits, 
storage temperature of 4 °C led to a fail to ripen (Galli et al., 2009).  
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An increase in temperature also results in an increase in the transpiration rate and moisture 
loss and a simultaneous increase in the capacity of the air around the product to contain 
water and decrease in its relative humidity (Kang & Lee 1998). Moreover, low temperature 
storage causes a decrease in the activity of the enzymes 1-aminocyclopropane-1-
carboxylic (ACC) oxidase and ACC synthase, which participate in the conversion reactions 
of ACC to ethylene, reducing its production. By transferring the fruit to room temperature, 
ACC oxidation continues, and more ethylene will be produced, enhancing ripening 
(Larrigaudiere et al., 1997; Zhou et al., 2001). Each 10 °C of temperature increase results 
in a double to triple increase of certain respiration-related biological reaction rates 
(Sandhya, 2010). Temperature fluctuation must also be considered given that can cause 
extensive damage due to condensation and metabolic and ripening disorders (Tano, et al., 
2007). 
1.2.2 Oxygen 
Oxygen is fundamental for aerobic respiration and numerous metabolic reactions. A 
decrease in the oxygen concentration results in a decrease in the rate of the reactions in 
which it is involved. In fruits, when the O2 concentration around the fruit is decreased below 
8%, ripening slows down (Sandhya, 2010). A low oxygen level slows down ripening by 
inhibiting ethylene generation and function; at O2 levels of 2.5%, ethylene generation is 
reduced by approximately half (Satyan et al., 1992; Ščetar et al., 2010). O2 concentrations 
of approximately 2% or less may result in anaerobic respiration reactions that lead to 
undesirable products, according to each particular anaerobic compensation point that can 
vary depending on several factors such as specie, cultivar, etc. Moreover, fruits exposed to 
such low O2 levels may lose their normal ripening ability once placed again at normal levels 
(Ke & Kader, 1989; Sandhya, 2010).  
1.2.3 CO2 
CO2 is produced by the oxidation of respiration substrates. The CO2 production rate is 
proportional to the respiratory intensity (RI), and an increase in its concentration generally 
causes various effects on fruits and vegetables in the postharvest state. CO2 concentrations 
greater than 1% in the atmosphere around the fruit retard ripening and lead to a decrease 
in RI (Watada et al., 1996). High CO2 levels (for example in MA storage) may enhance the 
inhibition of the growth of microorganisms that are responsible for product deterioration 
(Bennik et al., 1998). Kubo et al. (1990) observed an RI decrease in some climacteric fruits 
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and broccoli after exposure to a 60% CO2 atmosphere but an RI increase in eggplants, 
cucumbers, peas, spinach and lettuce. Enzymatic activity declined in pears stored under 
10% CO2 (Kerbel et al., 1988). Liu et al. (2004) demonstrated that in bananas stored under 
60% CO2, respiratory climacteric was suppressed, and the pyruvate, 2-oxoglutarate, and 
malate contents decreased. 
1.2.4 Ethylene 
Ethylene is a naturally synthesized hormone in plants and is associated with the onset of 
ripening (Watkins, 2003); it is physiologically active at concentrations of 0.1 ppm and below. 
Non-climacteric fruits generate a small amount of ethylene as a product of their metabolic 
processes (Wu, 2010). In climacteric fruits such as bananas, mangos or apples, which 
complete their ripening in the postharvest state, ethylene exposure contributes to the 
acceleration of their ripening. These fruits also produce higher quantities of ethylene 
because of their metabolic processes (Kader, 1988). In this type of fruit, ethylene is the 
main volatile component produced (50 – 75% of the total carbon content of all volatiles), 
and by not having a strong aroma, it does not contribute to typical fruit characteristic flavor 
(Kader, 1999). Exposure to high CO2 (for example, air + 20% CO2) or low O2 (for example, 
0.25% O2) concentrations greatly suppresses C2H4 biosynthesis in climacteric fruit tissue. 
A decrease in O2 levels to concentrations less than 8% leads to a significant inhibition of 
the C2H4 biosynthesis in fresh fruits and vegetables (Kader, 1986). 'Golden Delicious' 
apples maintained at 2.5% O2 have exhibited a suppressed internal C2H4 concentration and 
ACC (1-aminocyclopropane-1-carboxylic acid) accumulation (Gorny & Kader, 1996).  
Finally and although is not the purpose of this review, is good to consider the influence of 
storage conditions under modified atmosphere packaging. Barrier properties of the 
package containing the fruit (permeability) coupled with respiration will determine the 
concentration of gases in the atmosphere that surrounds it and this in turn will affect fruit 
physiological behavior, so that is necessary to take into account the interaction between 
film and produce when selecting one that offers favorable storage conditions.  
1.3 Use of models to represent physiological and quality 
changes in harvested fruits according to storage 
conditions 
The use of models is an efficient tool to predict characteristic changes in a biological system 
affected by various environmental conditions, without the need to assess these conditions 
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in real time. For the successful use of a model, it is necessary that the model can accurately 
represent the desired physical phenomenon. A model requires previous validation, which 
means that its parameters must have been identified or adjusted based on experimental 
data (Tijskens and Schouten, 2009).  
Many models have been developed to assess changes in fruits stored under various 
conditions (Caleb et al., 2012; Hertog et al., 2003; Hertog et al., 2004; Lukasse & Polderdijk, 
2003; Schouten et al., 2007; Verdijck & Lukasse, 2000). However, few models consider the 
interactions among the principal storage variables (temperature, storage atmosphere 
composition, relative humidity, product ripening during storage, etc.). Each particular fruit 
has properties that reflect its quality and ripening changes; in general, properties that are 
easy to measure, representative throughout the product’s shelf-life non-destructive, if 
possible, and affected by storage conditions should be investigated. For certain products, 
color, texture, moisture, weight loss and respiration rates are the most used properties 
(Hertog et al., 2001; Jha, 2010; Mangarat & Goswami, 2011; Tijskens & Schouten, 2009). 
1.3.1 Respiratory intensity (RI) 
Respiration is a metabolic process that provides the plant with the necessary energy to 
perform its biochemical processes. Respiration substrates oxidized to produce CO2 and 
water. Fruit shelf-life after harvest depends on RI; fruits such as mango and banana that 
have an increased RI are severely perishable (Paliyath & Murr, 2008b). The energy 
released during respiration is associated with the energy required to completely oxidize a 
mole of hexose (Brownleader, 1997; Taiz & Zeiger, 2012). A mole of hexose releases 
approximately 2880 kJ during respiration. Each glucose molecule is oxidized to 6 CO2 
molecules, using 32 molecules of adenosine diphosphate (ADP) and six molecules of O2 to 
form 12 water molecules (Eq. 1.1). Under normal physiological conditions, 50% to 60% of 
this energy is chemically captured to form 32 molecules of adenosine triphosphate (ATP), 
which are required for subsequent cell metabolic processes. The respiratory metabolism is 
limited at low partial O2 pressure, which leads to a decrease in the chemical energy 
produced during respiration (Mir & Beaudry, 2002). 
 
𝐶6𝐻12𝑂6(𝑠) + 6𝑂2  → 6𝐶𝑂2 + 6𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (1.1) 
 
By the time carbohydrates such as glucose or fructose are completely oxidized, the O2 
volume used per unit time will be practically the same as the volume of generated CO2 per 
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unit time (Kader et al., 1987; Renault et al., 1994). For organic acid oxidation, more CO2 
volume is produced than the used O2. From the above, the respiratory quotient (RQ) is 
defined as the ratio of CO2 produced to O2 consumed per unit time. The RQ values range 
between 0.7 and 1.3 for the majority of vegetables (Kader & Salveit, 2003). High RQ values 
usually indicate anaerobic respiration in produce tissues that produce ethanol. In such 
tissues, a rapid change in the RQ can be used as an indication of the shift from aerobic to 
anaerobic respiration (Salveit, 2004). 
Many mathematical models have described the respiration process and how O2 and CO2 
levels affect this process. These models can be grouped into two large categories: empirical 
models (lineal, polynomial or exponential) and models based on Michaelis-Menten enzyme 
kinetics (Fonseca et al., 2002). The simplest empirical model is the lineal model. In this 
model, the O2 consumption rate is determined by its concentration only, as shown in Eq. 
1.2: 
 
rO2 = a1 + a2yO2 (1.2) 
 
Where rO2 is the O2 consumption rate, yO2 is the O2 mole fraction (or, in general, the O2 
concentration in appropriate units) and a1 and a2 are constants. Fishman et al. (1996) used 
this type of equation to model mango respiration. 
In exponential models, the O2 concentration is the only one mainly considered in 
determining the respiration rate (Eq. 1.3), although the CO2 concentration could also be 
considered (Eq. 1.4): 
 








Where yCO2 is the CO2 mole fraction (or, as before, the CO2 concentration in appropriate 
units), yO2 is the O2 concentration and a1, a2, a3 and a4 are constants. Eq. 1.3 has been 
used to model the respiration of tomatoes (Cameron, et al., 1989), blueberries (Beaudry et 
al., 1992; Emond et al., 1993) and strawberries (Talasila et al., 1992). Eq. 1.4 has been 
used to model the respiration of apples, slightly processed under modified atmosphere (MA; 
Castellanos, D.A. 41 
 
Rocculi et al., 2006), and slightly processed packed kiwi, banana and pears (Del Nobile et 
al., 2007). 
Some authors like Finnegan et al. (2013) propose that respiration rate will not be constant 
throughout the storage time, and that this will be increased with increasing physiological 








) e−αt (1.5) 
 
Where rCO2 is the respiration rate at any time (t); rCO2
i  is the initial respiration rate; rCO2
eq
 is 
the respiration rate at equilibrium time; t is the storage time and α is a constant coefficient. 
Polynomial models include equations of different orders and multiple adjustable coefficients 
that consider the O2 concentration and time. Gong & Corey (1994) used a polynomial 
equation to determine tomato respiration according to O2 concentration. Dash et al. (2012) 
used second-order polynomial equations, obtained by regression, to determine O2 
consumption and CO2 generation in packed sapote based on O2 and CO2 concentrations. 
Morales-Castro et al. (1994) considered O2 and CO2 concentrations, temperature and time 
for the respiration of sweet corn and obtained polynomial equations by regression to 
calculate CO2 generation and O2 consumption. Previous models however, do not provide 
an analytical representation of the mechanisms of the respiration processes being useful in 
very specific cases, so that other models based on the Michaelis-Menten equations have 
been used as a good alternative to describe the effect of O2 and CO2 concentrations during 
respiration (Fonseca et al., 2002; Geysen et al., 2005; Gomes et al., 2010; Ho et al., 2013). 
Eq. 1.6 illustrates the simplest mechanism of enzymatic kinetics; the model is based on a 








Where rO2 is the O2 consumption rate (or CO2 production, rCO2, cm3 kg-1 d-1), rmax is the 
maximum rate of O2 consumption or CO2 production (cm3 kg-1 d-1) and Km is the dissociation 
constant of the enzyme-substrate complex (dimensionless). This equation has been used 
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to model the respiration of apples (Andrich et al., 1998; Lakakul et al., 1999), blueberries 
(Song et al., 2002) and cauliflower (Ratti et al., 1996). 
The basic Michaelis-Menten equation is transformed into one of the following equations 
depending on the type of inhibition produced by the generated CO2 (Fonseca et al., 2002; 
Gomes et al., 2010; Heydari et al., 2010; Lee et al., 1996; Maneerat et al., 1997; 


















































KmcCO2, KmuCO2 and KmnCO2 are constants representing the competitive enzyme, non-
competitive enzyme and non-competitive inhibitions, respectively. Competitive inhibitions 
occur when the inhibitor (CO2) and the substrate compete for binding to the same active 
site on the enzyme. Thus, at high CO2 concentrations, there is a lower maximum RI. Non-
competitive enzyme inhibition occurs when the inhibitor reacts with the enzyme-substrate 
complex; in this case, the maximum RI is not very affected by high CO2 concentrations.  
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This type of enzymatic kinetics has been successfully used for many products (Bhande et 
al., 2008; Heydari et al., 2010; Mangarat & Goswami, 2011; McLaughlin & O’Beirne, 1999). 
Non-competitive inhibition occurs when the inhibitor reacts not only with the enzyme but 
also with the enzyme-substrate complex (Lee et al., 1996; Maneerat et al., 1997). 
Temperature has an effect on respiration processes and shall be considered in 
mathematical models (Fonseca et al., 2002). All the constants appearing in equations1.6 
to 1.10, together with the maximum O2 consumption rate and CO2 generation, depend on 
the temperature. This dependence has been described in the Arrhenius equation (Fonseca 







RT⁄  (1.11) 
 
Where rO2ɵmax is the maximum O2 consumption rate at infinite temperature, Ea is the 
activation energy (kJ mol-1), R is the universal gas constant (kJ mol-1 K-1) and T is the 
temperature (K). Other authors (Oluwafemi et al., 2012; Iqbal et al., 2009) have used the 
O2 consumption rate and CO2 generation rate as solely depending on temperature, using 














1.3.2 Transpiration rate (TR) and moisture loss 
A low relative humidity can increase transpiration damage and lead to excessive 
dehydration, RI increase and finally to a loss of product quality. Alferez et al. (2005) and 
Kader (1985) state that relative humidity should be maintained at approximately 85-95% 
during handling and storage. Lower values cause fruit dehydration with subsequent weight 
loss, while higher values could speed up fruit spoilage because part of the water vapor can 
build up in the product packaging due to storage temperature fluctuations, favoring 
microbial growth (Kader, 1988). However, there are fruits such as papaya or ‘mountain 
papaya’ that can be well preserved at less than 40% relative humidity (Baiyewu & Amusa, 
2005). 
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During ripening, there is a continuous loss of water due to transpiration and disassembly of 
the different components of the cell wall (Brummell, 2006; Kissinger et al., 2005), 
degradation of pectic compounds and changes in turgor pressure (Abera et al., 2014; 
Saladie et al., 2007). Thus, their permeability to water that leaves the cell increases, which 
also produces wilting and excessive pulp smoothness when the loss is high (Wills et al., 
2007). Cellular membrane deterioration is also a key factor for the weight loss. It is critical 
the first day at harvest in all the produce due to the effect of cutting and to the high 
respiration rate and transpiration associated with cutting, stress and handling. Some 
authors have not considered the first day in order to have a linear trend in weight loss 
(Conesa et al., 2014). Thus, TR is the quantity of water loss from a plant tissue per unit 
time. This parameter is affected by the own properties of the fruit (morphological 
characteristics, surface-to-volume ratio, ripening state, damage) and by environmental 
factors (temperature, relative humidity, air speed and pressure; Kader, 1992). The TR of a 









trs  is the TR (g kg-1 h), t is the transpiration time (h), W0 is the initial weight of the 
fruit (g) and W is the weight of the fruit at the given time t (g). 
The most basic model to determine TR considers that the driving force for transpiration is 
the difference in water vapor pressure between the product surface and its surroundings. 
This relationship is expressed through the following equation (Becker & Fricke, 1996): 
 
rH2O
trs = ki(ps − pat) (1.14) 
 
Where ki is the transpiration coefficient, (ps – pat) is the deficit in vapor pressure, ps is the 
vapor pressure at the surface of the product and pat is the vapor pressure in its 
surroundings. The values of ki for different products can be found in the ASHRAE Handbook 
(2006). 
Mahajan et al. (2008) developed a model for TR based on the above considerations. Their 
model considers a) the difference between the relative humidity of the medium and the fruit 
water activity and b) the effect of temperature on the transpiration process: 
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rH2O
trs = ki(awat − aw)(1 − e
−bT) (1.15) 
 
Where aw is the fruit’s average water activity, awat is the water activity of the medium 
(RH/100), ki is the mass transference coefficient, T is the temperature (°C) and b is a 
constant. The weight of the fruit at a given time-point can be calculated by combining 
equations 1.13 and 1.15, which results in the following equation (Sousa-Gallager et al., 
2013): 
 






The amount of water that the fruit loses during transpiration can be related to the respiratory 
heat and to the heat convection through the energy balance of the process (Becker & 
Fricke, 2001; Kang & Lee, 1998; Song et al., 2002): 
 





Where q is the respiratory heat (kJ kg-1 h-1), W is the weight of the product (kg), h is the 
convective heat transfer coefficient (kJ m-2 °C-1 h-1), cp is the specific heat of the product (kJ 
kg-1 °C-1). λ is the latent heat of moisture evaporation (kJ kg-1), Ap is the surface area of the 
produce (m2), Tat is the ambient temperature (°C), Tp is the produce temperature (°C) and 
mH2O,gen is the mass of lost water/water vapor generated (kg h-1). 
The heat transferred through natural convection from ambient air and the heat generated 
from respiration inside the product both increase the temperature of the fruit, as sensible 
heat, and are converted to the latent heat of moisture evaporation in transpiration (Kang & 









Respiration heat is obtained by the oxidation of glucose into products and energy (Eq. 1.1). 
Thus, the respiration heat (in kJ kg-1 h-1) can be estimated by the respiration reaction and 
by considering the respiration rate as the average of the O2 consumption rate (RO2, in mol 
kg-1 h-1) and CO2 conversion (RCO2; Kang & Lee, 1998): 
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The above expression is multiplied by a correction factor to correct for the respiration 
energy dissipated as heat and to consider that glucose is not the only substrate during 
respiration (Song et al., 2002). For a 100% conversion (supposing that glucose is the only 
substrate), α will be 1. The latent heat of moisture evaporation λ (in kJ kg-1) is obtained from 
the equation (Brooker, 1967): 
 
λ = 2502,535 −  2,386(T − 273,16) (1.20) 
 
Where T is expressed in Kelvin. 
Finally, the transpiration rate (in moles per kg of fruit and storage day) can be expressed 
as water loss in the stored fruit by multiplying the mass of generated water vapor (product 
water loss) with the ideal gas equation: 
 
RH2O





Where MH2O is the molar mass of water in kg mol-1, R is the gas constant, T is the 
refrigeration temperature, W is the weight of the fruit and P is the pressure. 
The establishment of the existing difference between the vapor pressure of water of the 
product surface area (ps) and the vapor pressure of water in the produce surroundings is 
necessary to effectively use transpiration models. The vapor pressure of the surface area 
of the product will be a consequence of the surface temperature (Tps) and the effect of the 
vapor pressure deficit (VPD) caused by the dissolved substances. Thus, the vapor pressure 
of the surface will be (Becker & Fricke, 1996) 
 
ps = VPD ∗ psTps (1.22) 
 
The VPD values for different vegetables were determined by Chau et al. (1987) and Beck 
et al. (1995). 
Castellanos, D.A. 47 
 
1.3.3 Firmness change 
Firmness declines as ripening continues up to a minimum level when product senescence 
is reached. Firmness loss can be attributed to various factors, including disassembly of 
polysaccharide networks, pectin degradation, hydrolysis of starch, celluloses and 
hemicellulose in cellular walls (Paliyath & Murr, 2008a; Van Dijk & Tijskens, 2000), and as 
some authors suggest (Biswas et al., 2014; Saladie et al., 2007), decline in cellular turgor 
and water loss by transpiration as consequence of these changes in cell architecture. Fruits 
such as peaches, pears, tomatoes and strawberries can excessively lose their firmness 
because they have increased levels of endo-polygalacturonase activity (which cleaves the 
pectin sequence at intermediate points in contrast to exo-polygalacturonase, which 
removes galacturonic acid fractions at terminal sequence points). Other fruits such as 
apples maintain their firmness because they do not undergo this activity (Daas et al., 2000).   
During postharvest storage, some compounds are affected while others are not. Thus, 
firmness (F, measured in N or in kgf) can be considered to have a fixed (Ffix) and a variable 
(Fvar) component: 
 
F = Ffix + Fvar (1.23) 
 
The compounds that do not undergo degradation or that are broken down slowly, such as 
celluloses and hemicelluloses, contribute to the fixed firmness. The compounds that 
undergo degradation, such as pectins, or that are lost, such as moisture, contribute to the 
loss of turgor pressure, and from this to the variable firmness (Biswas et al., 2014). 
Gwanpua et al. (2012) developed a firmness model considering that its variable part 
depends on the degradation of pectins (P) by pectic enzymes (Epect), which results in 
galacturonic acid (G) through a simple irreversible reaction (similar to the proposal of 




→   G + Epect (1.24) 
 
Thus, the firmness is: 
 
F = Ffix + γ[P] (1.25) 
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Where [P] is the pectin concentration (nmol-3 m3), Ffix is the fixed firmness component and 
is not affected by enzymatic degradation and ϒ (N m3 nmol-1) is a correction factor that 
relates firmness (F) to the non-hydrolyzed pectin during enzymatic degradation ([P]). 
The presence of ethylene (Eth) in the fruit directly affects the pectic enzyme concentration 
(Lin et al., 2009). This relationship, which includes complex mechanisms, has been 
explained in a simplified manner by Gwanpua et al. (2012), as a group of amino acids (Epre) 




→    Epect + Eth (1.26) 
 
Pectic enzyme degradation (Epect) into other compounds (Edenz) should also be considered 




→    Edenz (1.27) 
 
Changes in the concentration of pectins and pectic enzymes over time are described 
















+ PEthA([Eth]out − [Eth]),  
where [Eth](t = 0) = [Eth]0 (1.29) 
 
Where [P] is the pectin concentration (nmol3 m-3), [Epect] is the concentration of pectic 
enzymes, [Eth] is the endogenous ethylene concentration, kpect is the pectin degradation 
rate constant (s-1) and kEpect and kEdenz are the pectic enzymes generation and degradation 
rate constants, respectively (Gwanpua et al., 2012). 
The changes in ethylene concentration are calculated based on the O2 and CO2 
concentrations in the surroundings of the product using a Michaelis-Menten modified model 
of non-competitive inhibition for CO2 (Eq. 1.30), which is similar to Eq. 1.3 (Génard & 
Gouble, 2005; Gwanpua et al., 2012; Sanders & de Wild, 2003). Génard & Gouble (2005) 
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in their simulation model ETHY, considers that the respiration process has not a significant 
influence on the generation of ethylene and that its emission is highly dependent on 
temperature, only slightly sensitive to air O2 concentrations and almost insensitive to CO2 
concentrations. The above suggests that the respiratory climacteric may not be required for 












+ PEthA([Eth]out − [Eth]),  
where [Eth](t = 0) = [Eth]0 (1.30) 
 
Where rEth
max is the maximum ethylene generation rate (nmol m-3 s-1), KmO2,Eth  is the Michaelis 
constant for ethylene production, KmuCO2,Eth  is the constant for the non-competitive inhibition 
for CO2, yO2 is the molar fraction of O2 in the surroundings of the product. CO2 is the molar 
fraction of CO2, PEth is the permeability of ethylene in the product peel (m-2 s-1), A is the 
surface area of the product (m2) and [Eth]out is the concentration of ethylene around the 
product (nmol-3 m3). The constants rEth
max, KmO2,Eth and KmuCO2,Eth depend on temperature 
through an Arrhenius relationship such as that in Eq. 1.29 (Gwanpua et al., 2012).  
Other authors have described the variable part of firmness through a first-order model (Eq. 
1.31, Hertog et al., 2004; Lana et al., 2005; Pinheiro et al., 2013; Schouten et al., 2007) or 
a logistic model (Eq. 1.32, Hertog et al., 2003). In these models, these authors considered 
that the variable part depends on respiration, the O2 and CO2 concentrations in the 
surroundings of the product and the temperature. F0 is the initial firmness, and Ffix is the 
equilibrium firmness. k represents the firmness loss rate and can depend on O2 and CO2 
levels through Michaelis-Menten relationships (Peppelenbos et al., 1996; Hertog et al., 
2001; Hertog et al., 2004) that consider respiration as oxidative and fermentative (Eq. 1.33) 
or can depend only on temperature through a Arrhenius relationship such as that in Eq. 
1.34 (Sila et al., 2004; Schwaab & Pinto, 2007): 
 










































In these equations, kf
max and kO
max are the maximum rates of firmness loss related to 
fermentative and oxidative processes, respectively, and KmuCO2
 is the Michaelis-Menten 
constant for firmness loss inhibition related to oxidation by CO2. kf
max and kO
max are functions 
of temperature attributed to Arrhenius relationships, and rCO2(f)
max  and rO2
max are the maximum 
rates of anaerobic CO2  production and O2 consumption, respectively, which are also 
temperature-dependent through Arrhenius equations (Eq. 1.34). kref is the constant 
reference rate for the reference temperature (Tref), Ea is the activation energy and R is the 
gas constant. Castellanos & Algecira (2012) used a simplified version of equation (33) for 
‘Sucrier’ banana storage. In this case, the contribution of the fermentative process to the 
firmness loss rate was negligible because the O2 concentrations during storage were 
greater than zero. For other fruits, such as avocados (Hertog et al., 2003), a similar 
approach was applied.  
1.3.4 Color change 
Color change in fruits is the most evident indicator of ripening (Will et al., 2007). Chlorophyll 
(Chl) is degraded by the action of three Chl catabolic enzymes, chlorophyllase, 
pheophorbide-α-oxygenase (PAO) and red Chl catabolite reductase (RCCR; Dangl et al., 
2000; Hortensteiner, 2006), and reveals carotenoids, such as lycopene and carotene, that 
are present in the cortex, which result in the characteristic fruit color. Likewise, chloroplast 
transformation in chromoplasts through remodeling of the internal membrane system with 
the formation of carotenoid-accumulating structures, also results in color changes in the 
produce cells (Egea, et al., 2010). In some fruits, there are other compounds, products of 
secondary metabolism, such as anthocyanins that are responsible for the color of grapes, 
blueberries and apples (Paliyath & Murr, 2008b). 
The color of an object can be described by various color models such as the RGB (red, 
green and blue) model, which is used in color monitors, Hunter Lab, CIE (International 
Commission on Illumination) L*a*b*, CIE XYZ, CIE L*u*v*, CIE Yxy. These differ in the color 
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space symmetry and in the coordinate system used to define the points in this space. The 
tristimulus methods of the CIE and of the similar Hunter model are of the greatest 
importance for instrumental measurements. According to CIE concepts, the human eye has 
three-color receptors: red, green and blue and all of their combinations. Many food studies 
use CIE L*a*b* color coordinates and their derived psychophysical parameters C* (chroma) 
and h (hue; tone) or Hunter Lab coordinates (HunterLab, 2008). McGuire (2012) noted that 
it is difficult to separately interpret the values of the coordinates a* and b* and that, most 
likely, these are not independent variables. He proposed the use of C*ab and hab as more 
suitable color measurements. It is also important to clearly establish the brightness, 
calibration standards and viewing angle to accurately interpret color data.  
The CIE 1976 L*a*b* (CIELAB) color space is defined when the coordinates for luminosity, 
L*, and chromaticity, a*, b*, are presented in a three-dimensional space. L* represents the 
luminosity of the color or clarity and is the vertical axis with values ranging between 100, 
for white, and zero, for black. The axes for a* and b* have no specific numeric limits. Positive 
values for a* represent red/magenta, and negative values represent green. Similarly, 
positive values for b* represent yellow, and negative values represent blue (HunterLab, 
2008).  
The following equation defines the total color difference (∆E*ab) between two different points 
measured in the same sample using the geometrical distance in a spherical space: 
 
∆Eab
∗ = ((L∗)2+ (a∗)2 + (b∗)2)1 2⁄  (1.35) 
 
The psychophysical parameters chroma, C*ab, and tone (hue), hab, stem from luminosity-
chromaticity coordinates (L*, a*, b*) defined by CIELAB space as follows: 
 
Cab
∗ = ( (a∗)2 + (b∗)2)1 2⁄  (1.36) 
 





Several authors have proposed different equations to represent the change in color 
coordinates L*, a* and b* as a function of time using zero-order (Eq. 1.38), first-order (1.39), 
second-order polynomial (Eq. 1.40) and logistic models (Eq. 1.41). 
 
52 Modelling change of quality-indicative properties of feijoa in MAP  
 
C = C0 + kt (1.38) 
 
C = C0exp(−kt) (1.39) 
 
C =  k1t
2 + k2t + k3 (1.40) 
 





In Eqs. 1.39-1.41, C is the color coordinate, C0 is the initial value of the color coordinate, 
Cfix is the equilibrium value of the color coordinate, t is the storage time, t1/2 is the time 
required to reach a half of the equilibrium value, k, k1, k2, k3 are parameters of change 
dependent on storage conditions (T, O2 and CO2 levels). 
 
Ren et al. (2006) assessed the kinetics of color changes in broccoli stored under 
refrigeration. These authors observed that b* and ∆E*ab changes could be presented by a 
first-order exponential model (1.39) where the k parameter is temperature-dependent and 
can be expressed by an Arrhenius relationship. In addition, these authors describe changes 
during storage time for a* and hab using second-order polynomial functions (Eq. 1.40). In 
studies about postharvest storage of banana fruits (Castellanos & Algecira, 2012; Chen & 
Ramaswamy, 2002), peel color changes were described by Hunter Lab system color 
coordinates based on the O2 concentration and temperature over time. Lightness was 
described by a logistic growth model (Eq. 1.41), a* was described using a zero-order model 
(Eq. 1.38), and b* was described using a first-order model (Eq. 1.39). Chen & Ramaswamy 
(2002) also presented the ∆E*ab value using a logistic model (Eq. 1.41), where all the 
constant rates only depend on temperature. The regression coefficients (R2) for all the 
coordinates and ∆E*ab were higher than 0.96. Jha et al. (2007) defined a ripening index for 
mango that was independent of color coordinates. These authors considered the ripening 
index obtained by the total soluble solids and the optimum value, or 100 %. For mangoes, 
they consider the ripening index to be a function of a* and b* color coordinates according 
to the following equation: 
 





Where j1, j2, j3 and j4 are the equation constants.  
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Gómez and Camelo (2002) also defined an average color index based on the L*, a* and b* 







For the postharvest storage of tomatoes and limes, Hertog et al. (2004) and Pranamornkith 
(2009), respectively, presented a logistic model for the color tone hab based on time (Eq. 
1.44). This behavior can be viewed as the consequence of two parallel processes: the 
exponential increase of enzymatic activity during ripening and the effect of enzymatic 
activity on color (Tijskens and Evelo 1994). 
 







Here, h-∞ and h+∞ are the tone minimum and maximum values (balanced) in degrees, h0 
is the tone value at time zero and k is the constant temperature-dependent rate in d-1. This 
dependency is represented by an Arrhenius relationship (Eq. 1.11). 
Dixon & Hewett (1998) studied two apple varieties with a first-order model (Eq. 1.39). These 
authors studied the time-evolution of tone values hab depending only on temperature and 
used a combined Arrhenius model and Boltzmann enzyme distribution function to calculate 









RT⁄ ) (1.45) 
 
where kh is the constant rate of hab change, khmax is the maximum rate of change, Ea is the 
activation energy (kJ mol-1), R is the gas constant (kJ mol-1 K-1), T is the temperature (K), 
∆S is the entropy change (kJ mol-1 K-1) and ∆H is the enthalpy change (kJ mol-1). 
No effort has been made to model the functions of other quality indicators, such as aroma 
and taste, based on environmental conditions because of the great difficulties involved. This 
unexplored area creates a wide range of new possibilities in which multidisciplinary groups 
of scientists and engineers specialized in fresh food preservation field can work in the 
future. 
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1.4 Conclusions 
Properties such as color, firmness and moisture provide valuable information for the 
monitoring of quality changes in postharvest fruits because of their reliability and rapid and 
easy measurement. These changes are consequences of many biochemical and 
physiological processes that occur during fruit ripening, such as respiration and 
transpiration. In addition, these changes depend on the external conditions to which the 
fruit is exposed. Understanding the mechanisms in which these conditions affect quality 
changes processes is of great importance because it allows their appropriate modification 
to maintain quality and maximize preservation time. 
To date, many authors have developed and used various mathematical models for 
particular cases of respiration and transpiration. They have presented, in a trustworthy 
manner, the progression of respiration and transpiration processes as well as the 
progression of quality properties, such as temperature activity, O2, CO2 and H2O 
concentrations around products during postharvest storage. Based on this information, it is 
possible to monitor these progressions during storage and determine the availability (or 
quality) of the product at a given time. In addition, it is possible to simulate specific storage 
situations and to obtain concrete values of these quality properties when previously 
requested.  
However, the application of these particular models is often limited. Only a few models for 
general use have been developed, such as the Michaelis-Menten enzyme kinetics model 
for the description of respiration (and in some cases of the firmness loss rate) or the 
combined model of mass transfer and respiration heat. Thus, more studies by 
multidisciplinary groups of chemists, biologists and engineers are necessary to develop 
more general and complex models for the description of quality properties.  
These models should consider the characteristics of the product under study, for example, 
if it is climacteric or not, and how the conditions to which the product is exposed affect the 
biochemical and physiological processes. These processes result in respiration, 
transpiration and quality properties changes. Moreover, it is necessary that these models 
also consider other quality indicators such as aroma and taste. 
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Chapter 2. Modelling the evolution of O2 and 
CO2 concentrations in MAP of a fresh 
product. An first example with tomato2 
Abstract 
Through modelling of modified atmosphere packaging (MAP) systems, it is possible to 
predict evolution of gas composition in the package headspace and ease the selection of 
favorable conditions for the optimal preservation of the packed product. However, it is 
necessary to adequately describe the associated phenomena: product respiration and gas 
exchange through the package. A mathematical model was established to describe the 
evolution of the O2 and CO2 concentrations in a MAP system, considering packages with 
perforations and of variable volume and taking as an example tomato. Respiration rates 
were described using Michaelis–Menten kinetics while gas exchange through the package 
and its perforations was described with Fick equations of diffusion. The influence of 
temperature was considered to follow Arrhenius’ law. In order to validate the model 
proposed, an experiment was conducted packaging the fruits in PP, PLA and LDPE 
perforated bags for 12 days at 13.5°C. The prediction capacity of the model agrees with the 
experimental data, with a coefficient of determination (R2) equal to 0.89-0.98 for O2 
concentrations and 0.83-0.97 for CO2 concentrations. The model was used to set a specific 
O2 concentration in the headspace by define the required package surface area or 
perforation diameter. 
 





                                               
2 This chapter (with minor modifications) was published as: 
Castellanos, D.A., Cerisuelo, J.P., Hernández-Muñoz, P., Herrera, A.O. & Gavara, R. 2016. 
Modelling the evolution of O2 and CO2 concentrations in MAP of a fresh product: application to 
tomato, Journal of Food Engineering, 168: 84-95. http://dx.doi.org/10.1016/j.jfoodeng.2015.07.019 
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Nomenclature 
ai, bi constants Eq. 2.10 
A effective exchange area of the packaging film (m2) 
Ah cross sectional area of the perforations (cm2) 
d diameter of the perforation (cm) 
de effective diameter of the perforations (cm) 
Di diffusion coefficient of gas i in air or a film (cm2 d-1) 
Ea activation energy (kJ mol-1) 
Ji total permeation flow of gas i through the package (mol d-1) 
Jfi flow of gas i across the package film (mol d-1) 
Jhi total flow of gas i through the perforations (mol d-1) 
Jpi fluid-dynamic flow of gas i through the perforations (mol d-1) 
KmO2, KmCO2 dissociation constants of the enzyme-substrate complex  
KmuCO2, Kmu’CO2 constants of uncompetitive inhibition for consumption of O2 and 
generation of CO2, respectively 
KTri transmission rate of gas i through the perforations (cm3 d-1) 
L film thickness (mm) 
Lh effective transmission length (cm) 
MMU Michaelis-Menten Kinetics with uncompetitive inhibition 
ni moles of gas i 
P pressure (atm) 
pi partial pressure of gas i inside the package (atm) 
piout partial pressure of gas i outside the package (atm) 
Qi film permeability coefficient for gas i (cm3 mm m2 d-1 atm-1) 
R universal gas constant (0.008314 kJ mol-1 K-1) 
ri respiration rate of gas i  
rO2, rCO2 consumption of O2 and generation of CO2 rates (cm3 kg-1 d-1) 
rO2max, rCO2max maximum consumption of O2 and generation of CO2 rates (cm3 kg-1 d-1) 
t packaging time (d) 
T temperature (°C, K) 
V Free package volume - headspace (cm3) 
W product weight (kg) 
yO2, yCO2, yN2 O2, CO2 and N2 concentrations inside the package 
yO2out, yCO2out, yN2out O2, CO2 and N2 concentrations outside the package 
yO2 eq, yCO2 eq, yN2 eq Equilibrium O2, CO2 and N2 concentrations inside the package 
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2.1 Introduction 
The use of systems with modified atmosphere packaging (MAP) at refrigeration 
temperatures has been established as a technique with the potential to extend the shelf life 
of fresh fruits and vegetables maintaining their quality properties (Sandhya, 2010; 
Techavises & Hikida, 2008). In this type of storage the ripening process and product 
deterioration are delayed by reducing the rate of metabolic reactions and microbial activity 
as result of lowering the temperature and changing the concentration of the surrounding 
atmosphere (Floros & Maxos, 2005; Mangaraj, et al., 2014). MAP of fresh products involves 
the modification of the internal atmosphere of the packaging system due to the dynamic 
interaction of two simultaneous processes: product respiration (O2 consumption and CO2 
production) and transfer of gases between external and internal atmospheres through the 
package walls. These processes generally lead to the reduction of the O2 concentration 
and the increase in concentration of CO2 at the package headspace throughout the storage 
time, until an eventual equilibrium is achieved (Floros & Maxos, 2005; Heydari, et al., 2012; 
Mahajan, et al., 2007).  
For many fruits and vegetables, favorable levels of O2 and CO2 are between 1 and 10 % 
for each gas (Sandhya, 2010). These favorable gas levels in the system are achieved once 
the product/package system reaches the steady state, where the mass transfer rate of each 
gas is equal to the rate of respiration (O2 input rate is  equal to the consumption rate for O2, 
and the CO2 output rate is equal to the generation rate for CO2). Therefore, it is intended 
that the permeability characteristics of the used packaging are adequate to achieve the 
optimal gas composition and the packaging process designed to do it in the shortest time. 
(Del-Nobile, et al., 2007; Mahajan, et al., 2007). In some cases, the permeability of the 
packaging material is not high enough, resulting in overall consumption of O2 and excessive 
accumulation of CO2 in the headspace (which give raise to fermentative processes and 
product deterioration). For this reason, perforations are made in the package walls to 
increase the mass transfer at adequate rates to counteract respiration processes 
(González-Buesa, et al., 2009; Kwon, et al., 2013; Techavises & Hikida, 2008). 
Conducting multiple trials to provide the conditions that result in the appropriate level of gas 
for the packed product can be very wasteful, thus, the knowledge and prediction of the 
processes involved in the evolution of the MAP system, reduce time and cost of trials. 
Several mathematical models have been developed and proposed to estimate the 
concentration in the internal atmosphere for perforated packages, integrating the mass 
72 Modelling change of quality-indicative properties of feijoa in MAP  
 
transfer and respiration processes in order to select the most suitable conditions for the 
product in advance: 
Mahajan et al. (2007) developed a model that takes into account the change in the 
permeability of the packaging film with respect to temperature, using an Arrhenius equation 
and empirical relationships to describe gas transfer through the perforations, as well as 
suggesting to describe the respiration rate with Michaelis-Menten and Arrhenius equations. 
In this model, the total pressure and volume are considered constants, as well as the fact 
that there is no gas stratification inside the package. González-Buesa et al. (2009) propose 
a similar model, although more complex than the previous one, and take into account the 
convective effect on gas transfer through the perforations using Poiseuille's law and the 
diffusive effect using empirical equations. Empirical simple equations are also used for the 
product respiration rate. This model considers total pressure variable and package volume 
constant and does not consider the effect of temperature. Kwon et al. (2013) propose a 
similar model to Mahajan et al. (2007), but using a modified Fick equation for gas transfer 
through the perforations. In this model, N2 is omitted from of the mass balance equations. 
Mangaraj et al. (2014) propose a model similar to Kwon et al. (2013), but only for non-
perforated packages.  
From the previous models, two shortcomings can be established: 1) these models were set 
up for packages of constant volume. Is not considered that for flexible packages such as 
bags, there is a change in the headspace volume due to the difference in the O2 and CO2 
permeability of the packaging materials and because of what the respiratory quotient 
(RCO2/RO2) is different from one for many fresh produce. 2) The transfer of gases through 
the perforations is not well defined and often, the model does not consider the effect of 
temperature on this. 
Beside the above, a slightly considered aspect in models developed for MAP is how to 
reach a specific headspace concentration by changing the characteristics of the package. 
Previously, has been wanted to determine the headspace concentration establishing the 
package configuration for a given produce. A great implementation of a MAP model would 
be starting from a target concentration in the headspace, to determine the package 
configuration required to achieve this purpose. 
In this chapter, a mathematical model for the description and prediction of evolution in O2 
and CO2 concentrations in a MAP system of variable volume is presented. In the model the 
processes of respiration of the packed product and mass transfer through perforated 
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packages and depending on storage temperature are considered. For the model trials, an 
input of a suitable collection of gas permeability and respiration rate parameters was 
needed. Hence, the gas permeability of three packaging materials (LDPE, MOPP and PLA) 
to O2 and CO2, the gas transmission rates through perforations and the respiration rates of 
an example fruit (tomato - Lycopersicon esculentum M.) were experimentally determined 
and adjusted to suitable laws. Thereafter, a validation experiment was conducted by 
packaging tomatoes in bags with different permeation parameters and comparing the 
results with those predicted by the proposed model. Finally, the developed model was 
employed to define the packaging characteristics required to achieve a given O2 
concentration.  
2.2 Mathematical approach 
As mentioned above, there are two processes that lead to changes in the concentration of 
gases in the headspace of freshly produce packages: the respiration process in the packed 
fruit results in O2 consumption and CO2 production, generating a concentration difference 
between the headspace and the atmosphere surrounding the package. Hence, there will 
be a gas exchange through the package walls with O2 entering and CO2 leaving, due to the 
concentration difference, as can be seen in Figure 2.1 (Mahajan, et al., 2007; González-
Buesa, et al., 2009). 
 
Figure 2.1. O2 and CO2 exchange in a MAP system 
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2.2.1 Respiration rates 
For the mathematical description of the respiration process, the enzyme kinetics of 
Michaelis-Menten have been successfully used for many products, specifically the equation 
of uncompetitive inhibition (MMU) wherein the inhibitor (here, CO2) reacts with the enzyme-
substrate complex. Therefore, the maximum respiration rate is not influenced by high 
concentrations of CO2 (Bhande, et al., 2008; Fonseca, et al., 2002; Heydari, et al., 2010; 
Kwon, et al., 2013; Mangaraj & Goswami, 2011; Mangaraj, et al., 2014). 
As shown before in Chapter 1, according to the MMU kinetics the rates of O2 consumption 


















   (2.1) 
 
Where rO2 and rCO2 are the O2 consumption and CO2 production rates, respectively; rO2max 
and rCO2max are the maximum rates of O2 consumption or CO2 production, KmO2 and KmCO2 
are the dissociation constants of the enzyme-substrate complex, and KmuCO2 and  Kmu’CO2 
are the inhibition constants due to CO2 (Castellanos & Herrera, 2015; Fonseca, et al., 2002; 
Mangaraj, et al., 2014). The dependence on temperature for the MMU equation parameters 
has been reported to follow the Arrhenius equation (Eq. 1.11) as described in Chapter 1 






RT⁄    (1.11) 
 
Where rO2ɵmax is the pre-exponential factor (the maximum O2 consumption rate at infinite T), 
Ea is the activation energy, R is the universal gas constant and T is the temperature. Similar 
equations can be generated for the other parameters in Eqs. 1.8 and 2.1.  
2.2.2 Gas exchange in the packaging system 
A Inside the package, the atmosphere concentration is the result of the processes of 
respiration of the fruit and the exchange of gases through the package itself; these two 
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processes contribute to the variation in the number of moles of a gas i in the package (ni, 







+ Ji  (2.2) 
 
Where ri is the respiration rate for the gas i, W is the weight of the packed product, P is the 
system pressure, T is the storage temperature, R is the ideal gas constant and Ji is the total 
flow of gas i through the package. In case of a plastic package with perforations, Ji has two 
components:  
 
Ji = Jfi + Jhi   (2.3) 
 
Being Jfi the gas permeation through the continuous packaging film, and Jhi the gas 
transmission through the perforations. Transfer of gas i by permeation can be expressed 







   (2.4) 
 
Where Qi is the permeability coefficient of gas i in the packing material, and pi and pout are 
the partial pressures of the gas i inside and outside the package, and L is the thickness of 
the packaging material. The permeability of the packaging films will depend on the storage 












  (2.5) 
 
Where Qiref is a reference permeability coefficient for gas i to a Tref, Eai is the activation 
energy for gas i and R is the ideal gas constant.  
The gas i transmission through perforations (Eq. 2.6) has been considered as the sum of 
two mechanisms (Del-Valle, et al., 2003; González, et al., 2008): ordinary diffusion 
(represented by Fick's law) and the convective fluid-dynamic transfer of gas i described by 
Poiseuille’s law, Jpi. This latter is due to changes in total pressure caused by respiratory 
quotients (RQ = RCO2/RO2) other than 1, and differences in permeation rates for O2, CO2 
and N2. 
 







+ Jpi   (2.6) 
 
Where Di is the gas i diffusivity in the flowing gas, pi and piout are the gas i partial pressures 
inside and outside the package, Lh is the effective length of the diffusion channel and Ah the 
transfer area of the perforations (González et al., 2008; Kwon et al., 2013). The grouping 
of terms DiAh/Lh is the transmission rate of the gas i through the perforations, KTRi. 
The rate transmission has been represented in terms of the perforation area in cases where 
the thickness of the packaging film is of the same order or less than the perforation diameter 
(Chung et al., 2003; Del-Valle et al., 2003; González et al., 2008). In several studies (Del-
Valle, et al., 2003; Ghosh & Anantheswaran, 2001; Kwon, et al., 2013) the effective length 
Lh is taken as the sum of the thickness of the packaging and a correction term for gas 
diffusion resistance in the perforations, ε (between 0.5 and 1.1 times the effective diameter 
of the perforations; Eq. 2.7). On the other hand, González, et al., (2008) developed an 
empirical equation to represent the KTRi coefficients based on the area of the perforation 





   (2.7) 
0.5de ≤ ε ≤ 1.1de 
KTRi = 𝑎𝑖Ah
𝑏𝑖   (2.8) 
 
In Eq. 2.8, ai and bi are specific constants for each gas. In case of having more than one 
perforation, coefficients are multiplied by the number of perforations. As for the convective 
exchange of gas through the perforations, for flexible packages (as the bags used for this 
work) without abrupt changes in RQ or permeation, the system pressure will be equal to 
the external pressure (there will be a balance of forces which increase or decrease the free 
package volume) and Jpi can be considered equal to 0. It is more practical to represent the 
gas concentration variation over time in terms of mole fraction, and therefore in Eqs. 2.2-
2.6 the partial pressures and the terms of moles of each gas i can be replaced accordingly 
for mole fraction terms assuming ideal gas behavior. Furthermore, the rate of change in the 














]   (2.9) 
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2.2.3 Gas balance equations 
Considering the above and making the necessary replacements in Eqs. 2.2-2.6, the 








] =  KTRO2(yO2Out − yO2) + 
APQO2
L








] =  KTRCO2(yCO2Out − yCO2) + 
APQCO2
L








] =  KTRN2(yN2Out − yN2) + 
APQN2
L
(yN2Out − yN2)   (2.12) 
 
The variation in the free package volume V is estimated by adding the differential equations 
for each gas and considering that the sum of the mole fractions of O2, CO2 and N2 can be 
regarded as 1 (presence of other gases such as water vapor or ethylene is negligible for 
the calculations): 
 
yO2 + yCO2 + yN2 = 1   (2.13) 
 




= W(rCO2 − rO2) + ∑ ((yiOut − yi) (KTRi +
APQi
L
))ni=1    (2.14) 
2.2.4 Consistency of the system of differential equations 
The model requires the input of a number of parameters that are defined by the selection 
of: 
a) The product to pack and the required storage conditions and shelf life period. The 
parameters of the respiration rate included in Eqs. 1.8 and 2.1, the product weight 
and the storage time are established.  
b) The packaging environmental conditions: Temperature, atmospheric pressure and 
initial concentration of gases in the external and internal atmospheres are input.  
c) The package information, material film and package size (headspace). Then, film 
thickness and surface area of gas exchange, permeability coefficients (Eq. 2.5 for 
78 Modelling change of quality-indicative properties of feijoa in MAP  
 
each gas), number and size of perforations used in the package and transmission 
rates of the diverse gases through the perforations (Eq. 2.7 or Eq. 2.8) are defined. 
 
With the parameters above mentioned, the model can calculate the evolution of V and the 
partial pressures of the three gases (O2, CO2 and N2) using differential equations 2.10-2.14, 
respectively. Thus, there are four dependent variables (V, yO2, yCO2 y yN2) and four mass 
balance equations, with zero degrees of freedom in the system. 
2.3 Materials and methods 
2.3.1 Fresh produce 
Tomatoes (Lycopersicon esculentum M.) were obtained from a commercial grower located 
in the Canary Islands, Spain, on October 2014. The fruits were harvested at the optimal 
maturity stage and transported to the laboratories of the Institute of Agro-chemistry and 
Food Technology (Paterna, Spain) on the following days. After discarding those with 
evidence of damage, fruits of similar size and shape were selected and stored at 14 ºC. 
The next day, a few tomatoes were randomly selected for respiration rate calculations. The 
rest were packed as described in the next subsection.  
2.3.2 Packages 
Three types of film widely used in food packaging were selected for the manufacturing of 
bags: low-density polyethylene (LDPE) with a thickness of 0.020 ± 0.002 mm, cast 
polypropylene (PP) with a thickness of 0.025 ± 0.002 mm (Rediplast, Bogotá, Colombia), 
and polylactic acid (PLA) with a thickness of 0.025 ± 0.001 mm (Q4 Packaging Systems 
S.L., Ribaroja - Valencia, Spain). The thickness of the films was determined as the average 
of five measurements with a Mitutoyo (Kawasaki, Japan) gauge.  
2.3.3 Respiration rates 
The rates of O2 consumption and CO2 generation by tomatoes were determined using a 
closed system method. One fruit (130 ± 10 g) was placed in an open glass container of 
2020 cm3, during an hour of acclimatization to the temperature of the experiment and then 
hermetically sealed. The O2 concentration in the headspace was determined with an optical 
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analyzer OpTech®-O2 Platinum (MOCON, Inc., Minneapolis, MN, USA), taking the 
measure from a Mocon organo-platinum sensor attached to the inside surface of the 
container. The CO2 concentration was measured by taking a headspace sample of 10 ml 
through a rubber seal, which was then analyzed with a Packaging Atmosphere Analyzer, 
Lippke® CheckMaster 2100 (Paul Lippke Handels-GmbH, Neuwied, Germany) previously 
calibrated with Gas Chromatography; 10 cm3 of air were introduced into the container to 
replace the withdrawn sample. The experiments were made in temperature-controlled 
cabinets to 16, 24 and 37 °C, setting temperature in ± 0.2 °C and taking measurements at 
regular intervals for a period of 6 days, avoiding reaching the phase of anaerobic 
respiration. All measurements were made in triplicate, reporting the average value of each 
concentration. 
 
Respiration rate at each temperature was calculated using the following equations: 
 
rO2(t) = (V/W)(yO2t−1 − yO2t+1)/∆t   (2.15) 
 
rCO2(t) = (V/W)(yCO2t+1 − yCO2t−1)/∆t   (2.16) 
 
Being rO2(t) and rCO2(t) the respiration rates at time t and Δt the time elapsing between two 
consecutive measurements.  
 
The corresponding experimental data of rO2, rCO2, yO2 and yCO2 generated at each 
temperature were substituted in the linearized form of Eqs. 1.8 and 2.1 to estimate the 
parameters of the MMU equations by multiple linear regressions (Wang, et al., 2009). The 
temperature dependency was represented by replacing the parameters of the two MMU 
equations in the linearized form of the Arrhenius equation (Eq. 1.11), estimating the pre-
exponential factors and the activation energies for each parameter. 
2.3.4 Gas transfer through the package 
The O2 permeation rate (OPR) of the PP, LDPE and PLA films were determined with an 
isostatic, steady-state method, using a Mocon® Oxtran 2/21 permeation instrument 
(MOCON, Inc., Minneapolis, MN, USA) for samples with a transfer-area of 0.95 cm2 and at 
1 atm of pressure gradient. The OPR for each film were measured to 10, 15, 18, 21 and 24 
°C and converted to permeability coefficients multiplying by the film thickness and dividing 
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by the pressure in the appropriate units. The CO2 permeability coefficients were determined 
using a system of permeation at steady state. A stream of CO2 (99.9%) and another of a 
carrier gas (air) with equal flow and pressure were driven to the two chambers separated 
by the tested film in a permeation cell. The CO2 permeates from the side with high 
concentration, through the film and into the CO2-deficient carrier gas stream. After leaving 
the sample chamber, the carrier gas passes through a gas chromatograph where the CO2 
concentration is quantified. After a period of stabilization (12 hours), the QCO2 values for 
each film were measured at 13, 18, 22 and 25 °C. The respective data of the permeability 
coefficients for O2 and CO2 generated were substituted in the linearized form of Arrhenius 
equation (Eq. 2.7) estimating by linear regression the reference permeability coefficients at 
Tref = 23 °C and the activation energies for each material. The permeability parameters of 
the films for N2 were estimated from information of their respective manufacturers and from 
specialized literature (Auras & Almenar, 2010; Hasbullah, et al., 2000; Siracusa, 2012; 
Techavises & Hikida, 2008).  
 
To estimate the gas transmission rates for the perforated films, the theoretical model based 
on diffusion through perforations (Eq. 2.7) was used and the results were compared with 
those obtained using the empirical model (Eq. 2.8) of González et al. (2008). The gas 
diffusion coefficients for Eq. 2.7 were obtained in function of temperature using an 
Arrhenius-type equation from values reported by Xanthopoulos et al. (2012). The ε value 
was experimentally determined for O2 as follows: PP films (whose permeability was already 
assessed) were perforated and placed in a static permeation cell. The dimensions of each 
perforation were determined with an optical microscope (Motic® B1-220A, Speed Fair Co., 
Ltd., Richmond, Canada). 1-8 perforations with an approximate diameter of 132 ± 54 µm or 
1-6 perforations of 365 ± 54 µm were made. For calculations, these were estimated to be 
approximately circular (Ah = πd2/4). The PP film (91 cm2 of exposed area) was hermetically 
fixed with a rubber seal on the chamber inlet being inside an insulated compartment (780 
cm3) that was filled with N2. The outside surface was exposed to atmospheric air. O2 
permeating to the inside compartment through the perforations and film accumulated and 
the O2 concentration evolution in the inside compartment was measured with the optical 
analyzer used in the respiration trials for 2 days to 5, 16, 24 and 33 °C. The transmission 
rate through perforations was calculated from this concentration and discounting the gas 











   (2.17) 
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Where V is the chamber volume, A is the film area, L is the film thickness, P is the pressure, 
QO2 is the film permeability coefficient for O2, yO2(t) is the O2 concentration in a time t, youtO2 
is the atmospheric O2 concentration and yiniO2 is the initial O2 concentration (zero in all trials). 
The respective KTRO2 generated and the O2 diffusion coefficient calculated to each 
temperature were substituted in Eq. 2.7 to determine ε. The same value of ε determined 
before for O2 was also used initially for N2 and CO2 in the model. 
2.3.5 Modelling 
Once respiration and permeation parameters were determined, the system of gas-balance 
differential equations (Eqs. 2.10-2.14) was numerically solved using a calculation routine 
built in Matlab® (MathWorks, Inc., Natick, MA, USA) from the 'ode15s' function, an implicit 
multistep method based on numerical differentiation formulas (NDFs). In the routine, a 
relative error tolerance ‘RelTol’ of 1x10-6 and an absolute error tolerance ‘AbsTol’ of 1x10-7 
were used. After the initial values of the known parameters, product weight, package 
configuration (transfer area, film thickness and number and diameter of the perforations), 
concentrations, temperature, pressure and storage time were set, the change in the levels 
of O2, CO2, N2, and the free package volume were calculated with this routine.  
2.3.6 Packaging and validation 
In order to validate the developed model, an experiment was conducted packaging tomato 
fruits in bags of the three films evaluated. Tomato fruits with a total weight of ca. 350 g were 
randomly selected and packed in PP, LDPE and PLA bags with two configurations: (1) with 
a perforation of 132 µm of effective diameter and (2) with two perforations of 365 µm of 
effective diameter made with thin needles and determined with the optical microscope as 
above. The bags had a total internal surface area of 1000 cm2 and a total internal volume 
of 1350 cm3. A polystyrene support of 200 cm2 with a volume of 200 cm3 was placed in 
each bag to hold the fruit in place and ease sample handling. The fruits had a total volume 
of 450 cm3, being then the initial free package volume 700 cm3 and the effective transfer-
area 800 cm2. The initial headspace gas composition was similar to that of the atmosphere. 
The packages were stored in a controlled-temperature cabinet to 13.5 ± 2 °C for 12 days, 
keeping relative humidity constant at 80 ± 2%. For all trials, measurements of the 
concentrations of O2 and CO2 were made throughout the storage time in the same way as 
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described above for respiration tests: using the optical analyzer for O2 and taking samples 
with the atmosphere analyzer for CO2. All measurements were made in triplicate. 
2.4 Results and discussion 
2.4.1 Respiration rates 
In Figure 2.2 the experimental values and those obtained with the model for O2 and CO2 
concentrations in the respiration chamber at the different temperatures versus time are 
depicted. The parameters estimated from the linear regression of the linearized form of 
Eqs. 1.8, 2.1 (Michaelis-Menten) and 1.11 (Arrhenius) are presented in Table 2.1 together 
with the corresponding regression coefficients (R2).  
 
Figure 2.2. Measured (symbols) and modelled (Eqs. 1.8 and 2.1, lines) headspace concentrations 
of O2 and CO2 in the respiration container at different temperatures 
 
As shown in Figure 2.2 and as expected, O2 concentration in containers decreased while 
CO2 concentration increased in all cases. The rate of change in O2 and CO2 concentrations 
with respect to time of storage decreased as O2 level was decreasing and the CO2 level 
was rising in the containers. This profile should be predicted for respiration kinetics that 
follow the MMU pattern (Eqs. 1.8 and 2.1). As the CO2 concentration increases, its inhibitory 
effect is more apparent slowing the respiration rate. In turn, when having less available O2 
to consume, respiration processes will also be reduced. By day 6, the O2 level reached a 
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value of 17.1% at 16 °C, 10.0% at 24 °C and 5.7% at 33 °C, while the CO2 level reached a 
value of 3.4% at 16 °C, 10.6% at 24 °C and 16.1% at 33 °C. The total coefficient of 
determination for the MMU model was 0.965 for O2 and 0.987 for CO2 with respect to the 
experimental data evaluated. This is an evidence of the good agreement observed between 
experimental and predicted values and, therefore, the MMU kinetic model is valid to 
describe the respiration of tomato observed. 
 
Table 2.1. Pre-exponential factors (Vɵ) and apparent activation energies (Ea) of Arrhenius (Eq. 1.11) 
for the MMU parameters (Eqs. 1.8 and 2.1) of tomato and regression coefficients (R2) 
Respiration parameters Arrhenius’ equation (Eq. 1.11) 
MMU equations Vɵ Ea (kJ mol-1) R2 
O2 (Eq. 1.8)    
rO2max 2.187 × 109 36.215 0.993 
KmO2 4.224 × 105 41.448 0.998 
KmuCO2 2.414 × 105 40.287 0.997 
CO2 (Eq. 2.1)    
rCO2max 3.833 × 108 31.196 0.997 
KmCO2 3.533 × 103 28.739 0.986 
Kmu'CO2 1.330 × 107 51.002 0.996 
 
Respiratory rates increased with increasing storage temperature. The dependence of the 
MMU parameters with respect to storage temperature was determined using an Arrhenius-
type equation (Eq. 1.11) with regression coefficients higher than 0.98 for all parameters. 
The activation energies were positive in all cases, being the value of MMU parameters for 
O2 and CO2 greater as storage temperature increased.  
2.4.2 Gas transfer through the package 
The activation energy and pre-exponential factor of Arrhenius-type equation (Eq. 7) of the 
evaluated materials for O2 and CO2 are given in Table 2.2. LDPE had the highest 
permeability to O2 and CO2, followed by PP and PLA that had more comparable values. 
Experimental ratios QCO2/QO2 obtained (to Tref = 23 °C) were 6.04 for LDPE, 2.96 for PP 
and 2.75 for PLA, respectively. Activation energies were comparable to each other for the 
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three materials evaluated, with positive values in all cases indicating the direct dependence 
of the permeability coefficient with respect to temperature. Ea for O2 were larger than those 
reported for CO2, being EaCO2 the largest for LDPE (22.52 kJ mol-1) and EaO2 the largest 
value for PP (46.71 kJ mol-1). The latter indicates that with increasing temperature, O2 
permeability is increased to a greater extent than CO2 permeability for the materials 
evaluated. Regression coefficients were greater than 0.97, showing good correspondence 
of the Arrhenius parameters with experimental data. The results obtained are comparable 
to those reported by Mangaraj et al. (2009) and Techavides & Hikida (2008) for LDPE, to 
those reported by Hasbullah et al. (2000) and Mangaraj et al. (2009) for the PP and to those 
reported by Auras & Almenar (2010) for PLA. 




PP  LDPE |PLA 
O2 
 (R2)  (R2)  (R2) 






Ea (kJ mol-1) 46.71 39.16 44.39 
CO2 
      






Ea (kJ mol-1) 18.85 22.52 16.72 
N2** 
      






Ea (kJ mol-1) 41.70 37.66 11.20 
*Tref = 296.15 K (23°C) 
** Estimated from Auras and Almenar (2010), Hasbullah et al. (2000), Siracusa (2012), Techavises 
and Hikida (2008) and manufacturers. 
 
The permeability parameters for N2 in Table 2.2 were estimated from the values obtained 
by Auras & Almenar (2010) for PLA, Hasbullah et al. (2000) and Siracusa (2012) for PP, 
and Hasbullah et al. (2000) and Techavises & Hikida (2008) for LDPE, and from information 
provided by the respective manufacturers of each material. 
The transmission rate for O2 with respect to total area of the perforations determined at 
each temperature can be seen in Figure 2.3. As the total perforated area increases, KTR 
also increases. The value of KTR for O2 also rises with the temperature. The process of 
mass transfer of gas through the perforations is the result of the gas diffusion in the 
headspace into the perforation, the gas transfer through the perforated channel and the gas 
diffusion in the external air (or vice versa). Thus, the effective resistance to transport will be 
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greater than that which would be expected only from the diffusion channel of the perforation 
(Fick's law) and for this reason is necessary to add a correction term to the film thickness 
(Chung, et al., 2003; Del-Valle, et al., 2003; Techavises & Hikida, 2008).  
In this case, to calculate the transmission rates with the modified Fick's law (Eq. 2.7), the 
correction term to the effective length ε was initially considered as 0.5 times the diameter 
of the perforation, equal to those proposed by authors mentioned above.  
 
Figure 2.3. Oxygen transmission coefficient as a function of the total area of the perforations at 
various temperatures. Experimental values (figures) and predicted values (lines; Eq. 2.7) with ε = 
0.5de (black) and ε = 0.6de (red).  
 
The KTR were also calculated with ε = 0.5d in order to compare these with the experimental 
results. However, in case of more than one perforation, the KTR calculated for O2 were much 
larger than the experimentally determined ones (which had been suggested by Del-Valle et 
al., 2003). Hence, an effective diameter de was used instead, defined as the diameter that 
would have a perforation with the same total area as the sum of the areas of all perforations 
in the package. For a perforation, the effective diameter is equal to the diameter, and for 
two or more it will then be equal to N1/2d, where N is the number of perforations. With this 
correction, KTRO2 values for 0.5de and 0.6de were recalculated, resulting 0.5de in KTRO2 
closest to the experimental values, as shown in Figure 2.3 (R2 = 0.956 for 0.5de and R2 = 
0.899 for 0.6de). After finding that ε = 0.5de is the correction value for Lh which better 
matches the model to the experimental data for oxygen, the same value was chosen for N2 
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and CO2 (ε for CO2 was later changed to 0.6de in the validation of the full model since it 
provided a better fit to the results, as may be seen below). 
Table 2.3. Parameters of Eq. 2.7 and 2.8 for O2, CO2 and N2, and gas transmission coefficients for 
the experimental perforations arrays used 
Eq. 2.7 O2 CO2 N2 Eq. 2.8 O2 CO2 N2 
Di/air ref (cm2 d-1)* 
17477 12923 17279 
a*** 
0.880 0.830 1.169 
Ea (kJ mol-1)* 
4.196 4.311 4.222 
b*** 
0.577 0.569 0.558 
ε (cm) 
0.5de 0.6de 0.5de     
KTR (cm3 d-1)**    KTR (cm3 d-1)     
1P × 132 µm 248.39 160.15 247.12 1P × 132 µm 201,27 176.06 223.58 
2P × 365 µm 1221.01 762.41 1214.73 2P × 365 µm 985.14 842.98 1038.55 
* Reference values (Tref = 23 °C) and activation energies for the calculation of diffusion coefficients 
in a type-Arrhenius equation as Eq. 2.5 (Xanthopoulos et al., 2012). 
** KTR to one perforation of d = 132 µm and two perforations of d = 365 µm (de = 516 µm) with L = 
25 µm. Estimated to 13.5 °C 
*** (González, et al., 2008) 
 
The parameters for calculating the transmission rates of O2, CO2 and N2 with Eq. 2.7 are at 
the top of Table 2.3. Required parameters in the empirical model of González et al. (2008) 
are also shown in the top right of Table 2.3. The transmission rates calculated with Eq. 2.7 
and Eq. 2.8 for the perforation arrangements evaluated in the model validation are included 
at the bottom of Table 2.3. The KTR obtained with the modified Fick model (Eq. 2.7) were 
lower than those calculated with the empirical model of González et al. (2008) and had a 
better fit to the experimental data in the validation of the model, especially in the case of 
the KTR values for CO2. The model of González et al. (2008) was adjusted from experiments 
using much smaller perforation diameters than those evaluated in this work, and therefore 
their extrapolation to larger diameters may result in underestimated KTR values, further that 
dependence on temperature is not so well appreciated by this model. For the reasons 
stated above, the modified Fick equation (Eq. 2.7) was used to describe the permeation 
through the perforations in the model. 
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2.4.3 Modelling and Validation 
To verify the suitability of the proposed model, and determine their predictive reliability to 
track the evolution of package atmospheres, the results of the validation experiment with 
packed tomatoes at 13.5 °C were compared with those predicted by the model from Eqs. 
2.10-2.14 to the same initial conditions. As shown in Figure 2.4 (a, b and c), the model 
adequately describes the evolution of O2 and CO2 concentrations for all the films and 
perforations evaluated. This agreement is also evidenced by the one in the determined 
parameters included in Table 2.4 and the range of correlation coefficients obtained: R2 = 
0.89-0.98 for O2 and 0.83-0.97 for CO2.  
Table 2.4. Experimental and predicted equilibrium concentrations of O2 and CO2 for the packages 
evaluated and coefficients of determination (R2) of the model in each case 
 
yO2 eq-exp yO2 eq-pre R2 yCO2 eq-exp yCO2 eq-pre R2 
PP       
(1) 1P × 132 µm 0.122 0.115 0.895 0.050 0.043 0.914 
(2) 2P × 365 µm 0.178 0.174 0.833 0.032 0.035 0.832 
PLA       
(1) 1P × 132 µm 0.104 0.114 0.981 0.058 0.051 0.955 
(2) 2P × 365 µm 0.175 0.175 0.971 0.034 0.036 0.907 
LDPE       
(1) 1P × 132 µm 0.131 0.123 0.893 0.017 0.018 0.929 
(2) 2P × 365 µm 0.170 0.167 0.854 0.017 0.017 0.883 
 
For all the packages evaluated, an O2 and CO2 equilibrium concentration was achieved 
(Figure 2.4, Table 2.4). The CO2 concentration reached an equilibrium value in practically 
all cases after 3 days of storage, while O2 equilibrium concentration was reached between 
day 2 and day 9, depending on the material-perforations combination of each bag. PLA 
bags (1P x 132 um) took the longest time, reaching 10.4% of O2 (11.4% predicted by the 
model) at day 9. In general, higher CO2 (and lower O2) concentrations were achieved with 
PLA bags closely followed by PP and finally by LDPE (Table 2.2). This partly due to the 
difference in permeability between the three films and partly to the contribution of mass 
transfer through the film is significant to the overall mass transfer (film and perforations) 
through the package.  





Figure 2.4. Experimental and predicted evolution of O2 and CO2 composition for (a) PP, (b) PLA and 
(c) LDPE bags with (1, black figures and continuous lines) one perforation of 132 µm and (2, white 
figures and dash lines) two perforations of 365 µm. 
For PLA, the less permeable film, the permeation through the film represents 76.8% of the 
total transfer of CO2 for the first configuration of perforated package (1P x 132 µm) and 
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40.4% for the second configuration (2P x 365 µm). For PP, the permeation rate represents 
84.4% for the first configuration and 52.5% for the second configuration and for LDPE, more 
permeable the film, the permeation rate represents 96.8% for the first configuration and 
86.0% for the second configuration. For O2 the same pattern is observed. A plot of residuals 
as function of O2 and CO2 concentrations predicted by the model (Figure 2.5) show fairly 
random patterns in both cases; therefore it is possible to say that all major variables have 
been included and that equations used are appropriate to adequately describe the 
exchange of gases in the bags.  
 
Figure 2.5. Residual versus predicted concentration of O2 and CO2. 
 
As mentioned above, a value of ε = 0.5de (Eq. 2.5) was estimated to calculate the O2 and 
N2 transmission rates, and ε = 0.6de for CO2. These values of ε allowed adequately 
describing the contribution of the perforations to the total transfer of gases through the 
package. For CO2, ε = 0.5de resulted in overestimated KTRCO2 values and CO2 
concentrations in the headspace lower than those experimentally determined. Similar 
results were observed with the empirical model proposed by González et al. (2008), which 
also overestimates KTRCO2, predicting lower CO2 concentrations than those in the actual 
values (González-Buesa, et al., 2009). 
An additional experiment was done by packaging tomatoes in unperforated PP bags also 
at 13.5 °C and measuring O2 concentration in the headspace. As can be seen in Figure 
2.6, the evolution of the O2 level was well described by the model. O2 concentration in PP 
bags falls below 6% at day 6 without reaching an equilibrium value. Predicted O2 
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concentration for PLA bags falls below 4% at day 6 also, without reaching equilibrium, while 
for LDPE bags an equilibrium O2 concentration of 9.5% was predicted to be achieved at 
day 5. The model can describe also, the gas evolution in the headspace for packages 
without perforations. 
 
Figure 2.6. Evolution of O2 concentration in PP bags (dots) and predicted evolution of O2 
concentration in PP, PLA and LDPE bags (lines) without perforations.  
 
One aspect that has not been properly considered in the models reported for MAP 
(González-Buesa, et al., 2009; Mahajan, et al., 2007; Mangaraj, et al., 2015), is the volume 
change in flexible packages. Given the difference in the permeation rates of gases through 
the films, the perforations and the respiration rates, there will be a change in the free volume 
package that can result in either the swelling or, more frequently, the collapsing of the 
package due to a massive loss of gas in the headspace. In the model, the evolution in the 
free package volume was calculated, although no experimental values were measured. As 
can be seen in Figure 2.7, predicted values of V for PP and PLA bags are relatively close 
to the initial volume, with a slight gain for PLA bags with two perforations (2P x 365 um) 
and headspace reductions for the other combinations. Headspace in LDPE bags is greatly 
reduced for both combinations, being higher for bags with a perforation (1P x 132 um). This 
is due to the higher value in the ratio QCO2/QO2 (equal to 6.04) with respect to PP (2.96) and 
PLA (2.75). In LDPE bags, a much faster rate of CO2 permeation out into the external 
atmosphere can be foreseen, which results in lower CO2 concentrations in the headspace 
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and a minor effect of inhibition on the MMU kinetics with higher consumption rates of O2 
that is not replaced by CO2. Therefore, the free package volume is continuously decreasing.  
 
Figure 2.7. Predicted evolution in free package volume for PP, PLA and LDPE bags with (1) one 
perforation of 132 µm and (2) two perforations of 365 µm. 
 
By reducing the amount of O2, the N2 concentration will be increasing in the headspace, 
producing a continuous concentration difference with respect to the external atmosphere 
so that the N2 will be flowing out of the package and also reducing the volume. This 
collapsing phenomenon also occurs in some of the other bags, as shown in Figure 2.7, but 
to a much lesser extent since QCO2/QO2 is not so large. The reduction in the free package 
volume was evidenced in all the cases described above, especially in LDPE bags, where it 
was quite noticeable, but as mentioned, not measured. This change in the headspace 
volume could be measured extracting the gas within the package with a syringe or another 
precise device along the storage time. 
2.4.4 Setting a specific concentration in the headspace 
As shown in Figure 2.4, if the gas transfer rate is enough to compensate the produce 
respiration after a certain time an atmosphere of equilibrium is reached inside the package 




) (yO2Out − yO2 eq) − rO2W− yO2 eq
dV
dt
= 0   (2.18) 
 





) (yCO2Out − yCO2 eq) + rCO2W− yCO2 eq
dV
dt
= 0    (2.19) 
 
Where yO2 eq and yCO2 eq are the equilibrium O2 and CO2 concentrations. The change in the 
free package volume over time dv/dt, is substituted from Eq. 2.14. 
 
The meaning of Eqs. 2.18 and 2.19 is that to reach a certain constant concentration of gas, 
a given transfer capacity by the package will be required to match the respiration of the 
fruit. To achieve this transfer capacity, the type of packaging material, the package surface 
area and the number and size of perforations can be modified. Knowing the produce 
respiration, is possible define a packaging system to achieve a self-sustaining controlled 
atmosphere with favorable gas levels. 
 
To pack a product in MAP with a certain equilibrium gas concentration, is necessary to 
begin by defining the product type and quantity. Storage conditions are then defined: 
temperature, pressure and concentration of the atmosphere, yO2 out and yCO2 out. Then a 
packaging material and its thickness can be selected. Once defined all this, the gas 
permeability coefficients in the package, the gas diffusion coefficients in the atmosphere 
and the parameters of the MMU equations are established. At this point depending on the 
size of the package is defined or not, two possible settings arise. In the first setting, if the 
size is not defined, is possible to achieve the required transfer capacity of the package 
simply by increasing the surface area. In this case, the KTR values of each gas are zero in 
the absence of perforations and three variables will be taken: the equilibrium O2 and CO2 
concentrations, yO2 eq and yCO2 eq, and the required surface area. As there are three variables 
and two independent equations, fixing one, zero degrees of freedom are left and the 
remaining two variables are determined in the calculation. That is, if it is wanted to set the 
equilibrium O2 concentration in the MAP system, the equilibrium CO2 concentration is 
already defined and cannot be set. As is not possible to isolate A and yO2 eq in Eqs. 2.18-
2.19, is necessary to calculate their value iteratively. In the second setting, if the size of the 
package is defined, the surface area will be constant and to achieve the required transfer 
capacity is necessary to make perforations. In this case, the equilibrium gas concentrations, 
yO2 eq and yCO2 eq, and the transmission coefficients through the perforation, KTRO2, KTRCO2 
and KTRN2, will be taken as variables. However, from Eq. 2.7 can be seen that just as the 
diffusion coefficients of each gas in the atmosphere, the thickness of the bag and the ε 
correction term are already defined, the real variables are the diameter and the number of 
perforations in the package. If the number of perforations is fixed, only the diameter is 
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variable and if the perforation diameter is fixed, only the number of these may be varied. 
Then, three variables will be taken: the equilibrium O2 and CO2 concentrations, yCO2 eq and 
yO2 eq, and the diameter or the number of perforations. As in the first setting, when one of 
the concentrations is fixed, zero degrees of freedom are left, and the remaining 
concentration and the diameter or the number of perforations are determined in the 
calculation. 
Consider the following example: Majidi et al. (2014) used a concentration of 5% O2 and 3% 
CO2 at 13 °C to store tomato in controlled atmosphere. To try to meet this requirement a 
simulation was done using the same bags and packing the same amount of fruit (ca. 350 
g) as the previous validation test, with a target concentration of 5% O2 and CO2 approaching 
3% that cannot be reached exactly because the reasons given above. Having the material 
type (PP, LDPE and PLA) and bag size defined arise two possible settings: 1) the transfer 
capacity of the package is greater than the respiration rate of the fruit; in this case the 
package can be cut down until it reaches the required transfer capacity. 2) The transfer 
capability is lower than the respiration rate, so is required to make perforations until it 
reaches the required transfer capacity.  
For the first setting, the surface area required to achieve the target O2 concentration and 
the equilibrium CO2 concentration were calculated by double iteration. These results are at 
the top of Table 2.5. The surface area required for LDPE (478 cm2) is fewer than that 
available in the bags (800 cm2) so by cutting the bag to achieve the required area, the target 
O2 concentration can be reached. Required areas for the PP and PLA bags are greater 
than the available so it is necessary to make perforations. For the second setting, the 
diameter required for the perforation and yCO2 eq were also calculated by double iteration. 
The results are in the bottom of the Table 2.5. The PP bags would need one perforation of 
36 µm and the PLA bags one perforation of 50 µm. In all cases, the target concentration of 
5% O2 is achieved. In Figure 2.8, simulation of how the equilibrium concentrations inside 
the package are reached starting from an initial atmospheric concentration is shown. Would 
be required between 7 and 11 days of storage to reach equilibrium depending on the 
package material. However, this time depends on the initial concentration and if this is 
closer to the desired concentration, equilibrium is reached more quickly. If the initial O2 
concentration were 5 % in the headspace (and 3% of CO2), the equilibrium levels would be 
reached on day 9 as shown in Figure 2.9, compared to 11 days with an initial O2 equal to 
20.8 %. 
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Table 2.5. Package configuration required to achieve an equilibrium O2 concentration of 5% (yO2 eq 
= 0.05) and equilibrium O2 and CO2 concentrations predicted by the model 
Target concentration    
yO2 eq 0.05 
Bag PP LDPE PLA 
Available surface area (cm2) 800 800 800 
Thickness (mm) 0.025 0.018 0.025 
Setting 1 (unperforated bag)    
Reached concentrations    
yO2 eq 0.05 0.05 0.05 
yCO2 eq 0.036 0.024 0.039 




Cut the bag 
Add 
perforations 
Setting 2 (perforated bag)    
Reached concentrations    
yO2 eq 0.05 - 0.05 
yCO2 eq 0.041 - 0.052 
Required perforations 1 - 1 
Perforation diameter (µm) 36 - 50 
 
Figure 2.8. Predicted evolution of O2 and CO2 concentrations in unperforated LDPE and perforated 
PP and PLA bags setting an equilibrium O2 concentration of 5 % (yO2 eq = 0.05) 
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Figure 2.9. Predicted evolution of O2 and CO2 concentrations in unperforated LDPE and perforated 
PP and PLA bags setting an equilibrium O2 concentration of 5 % (yO2 eq = 0.05) with the same initial 
concentration. 
2.5 Conclusions 
A mathematical model to describe the evolution of O2 and CO2 concentrations in a MAP 
system with perforations and variable volume, taking into account the diffusive gas 
permeation through the packaging film and the perforations, the respiration rate of the 
packed product and the storage temperature, was successfully established.  
The capacity of the model was verified with experimental data, achieving good prediction 
results for tomato packed in three types of perforated films. The model is based on 
analytical expressions for calculating respiration rates (MMU enzyme kinetics) and gas 
transfer through the package of films (Fick's law) and of perforations (modified Fick's law), 
so it can be easily used to predict the behavior of other products packed in a wider range 
of packaging materials.  
The model can also be used to set a specific equilibrium concentration of O2 or CO2 by 
properly modifying the configuration of the package and hence its transfer capacity. 
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Chapter 3. Modelling respiration of feijoa 
fruits and application in modified atmosphere 
packaging3 
Abstract 
A proper description of the process of respiration is important in the design and 
establishment of package systems for preserving fresh fruits and vegetables. In this work 
a model based on both Michaelis-Menten enzyme kinetics and chemical kinetics equations 
was developed and assessed in order to describe the respiration rates of feijoa fruits (Acca 
sellowiana Berg) from experimental data obtained at different temperatures by a closed 
system method. The temperature effect in the O2 consumption and CO2 production was 
described using Arrhenius-type relationships. After this, the fresh fruits were packed in 
perforated low-density polyethylene (LDPE) and polypropylene (PP) bags for 8 days at 
12°C and 80% RH to validate the usefulness of the model to represent the gas evolution in 
modified atmosphere packaging (MAP). In the tests, maximum respiration rates of 3650-
4230 cm3 kg−1 d−1 were obtained at 24 °C whereas at 6 °C, O2 consumption and CO2 
production rates were up to 6 times lower. It was possible to describe properly the 
respiration kinetics using a Michaelis-Menten uncompetitive equation with coefficients of 
determination above 0.9. The overall model was validated in the MAP test being possible 
to predict successfully the O2 and CO2 evolution inside the LDPE and PP bags. 
 





                                               
3 This chapter (with minor modifications) is a part of the article published as:  
Castellanos, D.A., Mendoza, R., Gavara, R. & Herrera, A.O. 2016. Respiration and Ethylene 
Generation Modeling of ‘Hass’ Avocado and Feijoa Fruits and Application in Modified Atmosphere 
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Nomenclature 
a, b apparent reaction orders 
A effective exchange area of the packaging film (m2) 
Ah cross sectional area of the perforations (cm2) 
CK chemical Kinetics 
d diameter of the perforation (cm) 
de effective diameter of the perforations (cm) 
DO2, DCO2 diffusion coefficients of O2 and CO2 in air (cm2 d-1) 
Ea activation energy (kJ mol-1) 
kO2, kCO2 rate coefficients (cm3 kg-1 d-1) 
KmO2, KmCO2,  dissociation constants of the enzyme-substrate complex  
KmuCO2, Kmu’CO2 constants of uncompetitive inhibition for consumption of O2 and generation of 
CO2, respectively 
l film thickness (mm) 
MM Michaelis-Menten simple kinetics 
MMU Michaelis-Menten Kinetics with uncompetitive inhibition 
P system pressure (atm, kPa) 
pO2 partial pressure of O2 (atm, kPa) 
QO2, QCO2 film permeability coefficients to O2 and CO2 (cm3 mm m2 d-1 atm-1) 
R universal gas constant (0.008314 kJ mol-1 K-1 or 82.057 atm cm3 mol-1 K-1) 
rO2, rCO2 O2 consumption and CO2 production rates (cm3 kg-1 d-1) 
rO2max, rCO2max maximum O2 consumption and CO2 production rates (cm3 kg-1 d-1) 
RQ respiratory quotient, rCO2/rO2 
t packaging/storage time (d) 
Δt time elapsing between two successive measurements 
T temperature (°C, K) 
V free package volume - headspace (cm3) 
W fruit weight (kg) 
yO2, yCO2 O2 and CO2 concentrations inside the package 
yO2out, yCO2out O2 and CO2 concentrations outside the package 
ε Correction term for gas transmission through perforations (mm) 
3.1 Introduction 
Feijoa (Acca sellowiana Berg) is a tropical fruit with significant growth in production over 
recent years. However, once this produce is harvested, it undergo rapid decay in its quality 
properties so the use of suitable storage methods is fundamental. 
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Feijoa or pineapple guava is an evergreen shrub of the Myrtaceae family, native to Southern 
Brazil and Northern Uruguay (Dos Santos, et al., 2009; East, et al., 2009). Commercial 
production of feijoa is centered in New Zealand, Georgia, Azerbaijan, Colombia and the 
United States (California), with Brazil and Uruguay as emergent countries (Dos Santos, et 
al., 2009). The fruit is recognized for its exceptional nutritional qualities with a high content 
of iodine and vitamin C, antioxidant compounds such as flavonoids and polyphenols, 
anticancer and antimicrobial activity (Bontempo, et al., 2007). Feijoa is a climacteric fruit 
with a limited postharvest life, ripening after 1-2 weeks of harvest at 16-17 °C. It has a 
commercial storage life of four weeks at 4-5 °C, with a maximum shelf life of 5 days at 20 
°C, although the fruit may have chilling injury when stored at temperatures below 5 °C 
(Parra & Fischer, 2014). The fruit respiration rate (rCO2) oscillates between 177 and 355 cm3 
kg-1 d-1 at a temperature of 4-5 °C; and may change to between 1662 and 3325 (climacteric 
peak) cm3 kg-1 d-1 at 20-23 °C. Its ethylene generation rate is between 0.1-1.2 cm3 kg-1 d-1 
at 20-23 °C (Parra & Fischer, 2014; Velho, et al., 2011). 
 
Given the short shelf life of this fruit, it is necessary to use proper storage systems such as 
modified atmosphere packaging (MAP) or controlled atmospheres (CA) to preserve its 
quality properties longer (East, et al., 2009; Sandhya, 2010). However, the successful use 
of these systems depends on the previous consideration of the respiration processes. As 
fruits ripen, they will consume oxygen from its surroundings and generate CO2 and in 
consequence, the desired conditions to be achieved involve a change in the atmosphere 
surrounding the fresh produce, reducing O2 and increasing CO2. In this way, it is possible 
to influence produce´s metabolism and/or the activity of decay-causing microorganisms to 
increase storability (Fonseca, et al., 2002; Mangaraj, et al., 2015). Nevertheless, to achieve 
the wanted gas levels it is necessary to know the rate at which the stored product will 
consume O2 and will be producing CO2 towards this atmosphere to determine the suitable 
package permeability in MAP or gas flow required in CA depending on the system 
conditions (Mahajan, et al., 2007; Sandhya, 2010). 
 
Several authors have developed mathematical models to describe respiration in fruits, 
many of them based on Michaelis-Menten kinetics (Caleb, et al., 2012; Fonseca, et al., 
2002; Mangaraj, et al., 2015). However, only some of them take into account the combined 
effect of the concentrations of O2 and CO2 in the atmosphere surrounding the product and 
the storage temperature. For feijoa, some data on respiration have been published before, 
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but there are no models available yet to describe the consumption of O2 and production of 
CO2 in relation to storage time, temperature and level of these gases.  
 
In this chapter, a mathematical model to describe the respiration process of feijoa fruits is 
presented, and its application in the modelling of a MAP system is evaluated. Respiration 
rates of the fruit were estimated at different temperatures by using Michaelis-Menten 
enzyme kinetics and Chemical kinetics equations together with Arrhenius’ law. The data 
predicted by these equations were compared with experimental data aiming to select the 
most suitable ones according to their accuracy and reliability. After this, the usefulness of 
the respiration equations was validated through the MAP model presented in Chapter 2 to 
predict the evolution of O2 and CO2 in the packaging headspace of a MAP system 
containing feijoa fruits.  
3.2 Materials and Methods 
3.2.1 Fruit samples 
The fruits were obtained from commercial growers located in Tibasosa, department of 
Boyacá, in Colombia. Samples were harvested at physiological maturity stage, 20 weeks 
from flowering time for feijoa (Parra & Fischer, 2014) and later transported to the 
Postharvest Laboratory, Faculty of Agricultural Sciences, Universidad Nacional de 
Colombia (Bogotá, Colombia) in the following days. In the laboratory, fruits with evidence 
of damage were discarded, and fruits with similar characteristics were then selected to 
ensure uniformity in the size, weight and color of the sample group. The fruits were 
subjected to cleaning and disinfection and then were dried at room temperature. After, the 
samples were randomly divided into two groups. The first group was used to experimentally 
measure the respiration rates, and the second group was used for the MAP tests. 
3.2.2 Determination of the respiration rates 
The rates of O2 consumption and CO2 generation at different temperatures by fruits were 
determined using a closed system method. Two feijoa fruits (150 ± 20 g), were placed in 
open glass containers of 2020 cm3 during an hour of acclimatization at the experiment 
temperature and then hermetically sealed. O2 and CO2 concentrations in the headspace 
were measured by taking a 5 cm3 gas sample through a rubber seal on the top of the 
container, which was analyzed with an electronic analyzer Oxybaby® 6i (Witt-Gasetechnik 
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GmbH & Co. KG, Witten, Germany) previously calibrated with Gas Chromatography. 5 cm3 
of air was introduced into the container to replace the withdrawn sample. The tests were 
performed in temperature-controlled cabinets to 6, 10, 17 and 24 °C, setting temperature 
in ± 0.2 °C and taking measurements at regular intervals for maximum 3 days, avoiding 
reaching the phase of anaerobic respiration. All measurements were performed in triplicate, 
reporting the average value of each concentration. 
Respiration rate to each temperature was estimated using the following equations as posed 
in Chapter 2: 
 
rO2(t) = (V/W)(yO2t−1 − yO2t+1)/∆t   (2.15) 
 
rCO2(t) = (V/W)(yCO2t+1 − yCO2t−1)/∆t   (2.16) 
 
Where rO2(t) and rCO2(t) are the respiration rates at time t, Δt is the time elapsing between 
two successive measurements. yO2t-1, yCO2t-1 are the O2 and CO2 mole fractions determined 
in the previous measurement than reported at time t and yO2t+1, yCO2t+1 are the O2 and CO2 
mole fractions determined in the subsequent measurement than reported at time t, 
respectively. 
 
To describe the experimental behavior of the respiration process in the fruits (and the effect 
of atmospheric O2 and CO2 levels), various equations have been proposed. Among these 
equations stand out the Michaelis-Menten equations based on the enzyme kinetics 
principle and the chemical kinetics equations based on the reaction order, which have been 
used due their suitable representation of this biochemical process and good fit of 
experimental data (Bhande, et al., 2008; Fonseca, et al., 2002; Wang, et al., 2009). 
 
The simplest Michaelis-Menten Kinetics (MM) is shown in Eq. 1.6. As described in Chapter 
1, this equation is based on a limiting enzymatic reaction where the substrate is O2. The 
respiration rate, in this case the O2 consumption rate rO2, is (Fonseca, et al., 2002; Heydari, 






   (1.6) 
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A similar equation can be defined for the CO2 production rate, also in function of yO2. 
In some studies (Bhande, et al., 2008; Heydari, et al., 2010; Mangaraj & Goswami, 2011), 
the inhibitory effect by CO2 on respiration has been considered using the Michaelis-Menten 
kinetics with uncompetitive inhibition (MMU) due the CO2 (Fonseca, et al., 2002; Mangaraj 
& Goswami, 2011). As presented in Chapters 1 and 2, the uncompetitive inhibition 



















   (2.1) 
 
The Chemical Kinetics (CK) equations have been applied to represent the O2 consumption 
and the CO2 production in fresh produce where respiration can be described as a simpler 
process than an enzymatic kinetics. These equations have been successfully applied in 
beans (Chen, et al., 2016) and guava (Wang, et al., 2009). In the CK equations, apparent 
reaction orders are considered to explain the effect of O2 and CO2 concentrations on the 








𝑏CO2   (3.2) 
 
The respiration rate in the product changes with temperature. In the Michaelis-Menten 
enzyme kinetics, it can be considered that the parameters outlined above will vary 
depending on storage temperature (Bhande, et al., 2008; Mangaraj, et al., 2015). Similarly, 
in the CK equations the rate coefficients are temperature-dependent (Wang, et al., 2009). 
As previously mentioned, the dependence of MM/MMU parameters and CK rate coefficients 
on storage temperature has been expressed using Arrhenius-type equations as follows (in 






RT⁄  (1.11) 
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Similar equations can be written for the other parameters in Eqs. 1.8, 2.1, 3.1 and 3.2. 
 
To determine the O2 consumption and CO2 production rates of feijoa fruits, the Michaelis-
Menten Uncompetitive enzyme kinetics (MMU; Eqs. 1.8 and 2.1) and the chemical kinetics 
equations (CK; Eqs. 3.1 and 3,2) were used, evaluating at the end the expression that 
better fits the experimental data obtained. The experimental values of rO2, rCO2, yO2 and yCO2 
generated at each temperature were substituted in the linearized form of the MMU and CK 
equations to obtain the respective parameters by multiple linear regressions. The 
temperature dependency was determined by replacing the parameters of each equation in 
the linearized form of the Arrhenius equation (Eq. 1.11) estimating the pre-exponential 
factors and the activation energies for each parameter. 
 
The MMU and CK equations were compared by using an adjusted R2 (Mendoza, et al., 
2016; Sanders & De Wild, 2003), which allows the comparison between non-linear models 
and compensates for possible bias due to different number of parameters. As before, the 
temperature influence was estimated by replacing the parameters of each equation in the 
linearized form of the Arrhenius’ law and obtaining the pre-exponential factors and the 
activation energies for each parameter. 
 
At this stage, after obtaining the various parameters, the respiration equations that best 
represented the evolution of gases, were selected to perform the validation experiment in 
a system of modified atmosphere packaging. 
3.2.3 Application in MAP and validation 
After finding the parameters of the equations of respiration and selecting the most suitable 
one in each case, an experiment was conducted packaging feijoa fruits in two types of 
perforated bags to validate their capacity to describe the gas evolution in a MAP system. 
181.3 ± 9.1 g of feijoa were packed in PP bags and 189.5 ± 8.3 g of feijoa were packed in 
LDPE bags. The initial volume headspace was 359.8 ± 10.6 cm3 for feijoa and PP, and 
503.3 ± 9.8 cm3 for feijoa and LDPE respectively. In the experiment, cast-polypropylene 
(PP) bags with a thickness of 0.025 ± 0.002 mm and low-density polyethylene bags with a 
thickness of 0.018 ± 0.001 mm (both, Rediplast, Bogotá, Colombia) were used. The bags 
had a total internal surface area of 1000 cm2 and an effective transfer-area of 800 cm2. In 
each bag, a single perforation of 0.280 mm effective diameter was made to ensure the O2 
level in the headspace did not reach 0% by previously simulating the evolution of the system 
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using the respiration and ethylene production equations and the differential balance 
equations for each gas (Eq. 14-16) described below. The perforation size was measured 
using an optical microscope (Motic® B1-220A, Speed Fair Co., Ltd., Richmond, Canada). 
Packages with the fruits inside were stored in a controlled-temperature cabinet to 12 ± 0.2 
°C for 8 days, keeping relative humidity constant at 80 ± 1%. 
For all tests, measurements of O2 and CO2 in the packages were performed throughout the 
storage time in the same way as described above in the respiration tests. All measurements 
were made in triplicate. The initial headspace gas composition in the packages was similar 
to that of the atmosphere.  
O2 and CO2 permeability coefficients of both films were experimentally determined with 
steady state methods as previously described in Chapter 2, using a Mocon® Oxtran 2/21 
permeation instrument (MOCON, Inc., Minneapolis, MN, USA) for O2 and a chamber 
specially built with a permeation cell and connected to a gas chromatograph. 
As mentioned above, a perforation was made in each package to avoid exhausting O2 in 
the headspace before the end of the experiment and get an anaerobic phase. As mentioned 
in Chapter 2, the gas transmission through the perforation in each package follows a 
modified Fick’s diffusion equation (Eq. 2.7) incorporating a term of correction ε for gas 
diffusion resistance in the perforation (Castellanos, et al., 2016; Chung, et al., 2003). 
The change over time of O2 and CO2 concentrations in the MAP system can be described 








] =  KTRO2(yO2Out − yO2) + 
APQO2
L








] =  KTRCO2(yCO2Out − yCO2) + 
APQCO2
L
(yCO2Out − yCO2) + rCO2W   (2.11) 
 
In the system, the change of the N2 concentration in the packaging system is estimated 
with Eq. 2.12 and the change in the headspace volume is estimated with Eq. 2.14. In the 
MAP model, it was considered that there is no gas stratification in the packaging headspace 
and the total pressure is the same as atmospheric. 
The differential equations were numerically solved using a calculation routine built in 
Matlab® (MathWorks, Inc., Natick, MA, USA) from the 'ode15s' function (an implicit 
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multistep method based on numerical differentiation formulas, NDFs). After the initial gas 
conditions were defined, in this case atmospheric levels, and the initial values of product 
weight, package arrangement, temperature, pressure and storage time were set, the 
change in the concentrations of O2 and CO2 were calculated with this routine. In the 
calculation, the respiration parameters obtained for the equations previously selected were 
included. The data generated in the calculation routine from the model were then compared 
with the experimental gas measurements in the packages. 
3.3 Results and discussion 
3.3.1 Respiration rates 
In Figure 3.1, the respiration rates of feijoa fruits as a function of O2 within the hermetic 
containers are shown. In Figure 3.2, the evolution of O2 and CO2 concentrations in the 
container headspace is also shown. The consumption rate of O2 and the production rate of 
CO2 were influenced, as shown in the figures, by the O2 concentration in the atmosphere 
surrounding the product. The rates of O2 consumption and CO2 production were higher to 
the initial concentrations of O2 (air) and became lower as the O2 was consumed within the 
package. By decreasing the O2 concentration, the slope of the concentration curves of O2 
and CO2 becomes close to zero.  
For respiration rate in feijoa fruits, Velho et al. (Velho, et al., 2011) obtained a rCO2 value of 
the same order but 40 % smaller, ca. 1750 cm3 kg-1 d-1 at 23 °C and pO2 = 21 kPa for feijoa 
grown in Santa Catarina, Brazil. At 6 °C and  pO2 = 15 kPa, the rCO2 obtained was 1150 cm3 
kg-1 d-1, ca. 2.5 times higher than that obtained by East et al. (East, et al., 2009) for ‘Unique’ 
feijoa grown in New Plymouth,  New Zealand, 360 cm3 kg-1 d-1 at 5 °C and pO2 = 21 kPa, 
and ca. 2 times higher than the value obtained by Velho et al. (Velho, et al., 2011), 700 cm3 
kg-1 d-1 at 4 °C and pO2 = 21 kPa. These differences can be attributed to the different 
cultivars and cultivation zones of the fruits used in each particular study. 
Respiratory behavior of feijoa fruits was represented using the MMU and CK equations 
estimating the respective parameters from experimental data. The parameters of these 
equations are found in Table 3.1. The O2 consumption and CO2 production rates increased 
directly with the temperature (Figure 3, subplots a and b), reaching lower concentrations of 
O2 (and higher CO2) at higher temperatures as shown in Figure 3.2. Temperature-
dependence of MMU parameters, rmax, Km and Kmu, and of CK parameter k, was set up 
obtaining the respective pre-exponential factors and the apparent activation energies by 
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linear regression of the Arrhenius equation (Table 3.1). The positive values of the activation 
energies for the three parameters indicate a direct relationship between the temperature 
and respiration rates. 
 
Figure 3.1. O2 consumption (a) and CO2 production (b) rates as a function of O2 concentration within 
the experimental container headspace at 6 °C (●), 10 °C (■), 17 °C (♦), 24 °C (▲) and predicted 
values using the Chemical Kinetics (---) and Michelis-Menten Uncompetitive (―) equations for feijoa 
fruits. Bars represent SD. 
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Figure 3.2. O2 and CO2 evolution within the experimental container headspace at 6 °C (●), 10 °C 
(■), 17 °C (♦), 24 °C (▲) and predicted values using the Chemical Kinetics (---) and Michelis-Menten 
Uncompetitive (―) equations for feijoa fruits. Bars represent SD. 
 
Apparent reaction orders a and b in the CK equation were found to be independent of the 
test temperature (Table 3.1). Reaction orders are not integers indicating the complexity in 
the reaction mechanism of the respiration process. The negative values in the reaction 
order b in both O2 consumption and CO2 rates is marking the inhibitory effect of CO2 
concentration itself. At higher concentrations of CO2, respiration rates will be lower. This 
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inhibitory effect by CO2 is well established considering the good fit obtained with the MMU 
equation.        
After obtaining the parameters of each equation, the predicted evolution in the O2 
consumption and CO2 production rates as a function of O2 concentration at the different 
test temperatures was calculated for both fruits. Predicted rO2 and rCO2 are shown as lines 
in Figure 1 while predicted yO2 and yCO2 are shown also as lines in Figure 3.2 respectively. 
Both equations adequately represent the respiratory behavior of the fruit according to the 
coefficients of determination R2 of each equation (Table 3.1) and considering the fitness 
between the experimental and predicted data was good.  
 
Table 3.1. Estimated parameters of O2 consumption and CO2 production rates for the Michaelis-
Menten Uncompetitive (MMU) and Chemical Kinetics (CK) equations 
Model O2 CO2 
Michaelis-Menten Uncompetitive    
rmax (cm3 kg-1 d-1)   
rmax-ref  (cm3 kg-1 d-1) 9.60 ± 0.42 x 1015 3.59 ± 0.24 x 1014 
Ea (kJ mol-1) 68.51 ± 3.12 60.43 ± 4.09 
Km   
Km-ref 7.09 ± 0.33 x 1010 2.99 ± 0.20 x 107 
Ea (kJ mol-1) 65.07 ± 3.00 46.76 ± 3.16 
Kmu   
Kmu-ref 5.27 ± 0.24 x 1011 7.60 ± 0.51 x 1014 
Ea (kJ mol-1) 70.92 ± 3.24 88.15 ± 5.96 
R2 0.977 0.974 
Chemical Kinetics Equations    
a 0.71 ± 0.04 0.74 ± 0.05 
b -0.20 ± 0.01 -0.22 ± 0.02 
k (cm3 kg-1 d-1)   
kref (cm3 kg-1 d-1) 1.66 ± 0.08 x 1021 9.54 ± 0.68 x 1021 
Ea (kJ mol-1) 97.57 ± 4.79 101.63 ± 7.28 
R2 0.927 0.923 
rmax: maximum respiration rate (O2 consumption or CO2 production). rmax-ref: pre-exponential factor, 
maximum rate (at infinite T). Km: Michaelis constant. Km-ref: pre-exponential factor, Michaelis 
constant. Kmu: Inhibition constant by CO2. Kmu-ref: pre-exponential factor, inhibition constant. a, b: 
apparent reaction orders. k: rate coefficient. kref: pre-exponential factor, rate coefficient. Ea: apparent 
activation energies. R2: coefficient of determination.  
The MMU equation (R2 = 0.977 for O2 and 0.974 for CO2) gets closer to the experimental 
data compared with the CK equation (R2 = 0.917 for O2 and 0.923 for CO2), especially at 
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17 and 24 °C where is clearly shown that the CK equation deviates from the experimental 
behavior.  
With the CK equation, it was possible to describe acceptably the respiratory behavior of the 
fruits, although the predicted values deviate from the experimental data for the highest 
temperatures. This is due the temperature influence is only expressed in the k parameter, 
while in the MMU equation is expressed in three different parameters and confirms the 
strong influence of the temperature on the respiration. The values predicted by the MMU 
equation were closer to the experimental data of evolution in the O2 consumption and CO2 
production rates, and in the gas levels in the packaging headspace as shown in Figures 
3.1 and 3.2. In addition, values estimated with the MMU equations do not lose accuracy at 
higher temperatures. The goodness of fit offered by the MMU equation is consistent with 
the findings for several products in other works (Bhande, et al., 2008; Heydari, et al., 2010). 
The above is not surprising considering the enzymatic nature of this process. 
At this point, it is worth mentioning that the parameters of respiration obtained from 
experimental data particular to fruits evaluated. This means, from a cultivar, maturity stage 
and physiological characteristics defined (in this case, fruits of local cultivars and of 
physiological maturity as outlined in the Materials and Methods). A more advanced maturity 
stage, for example, results in higher respiration rates. These variables related to the stored 
product itself affect the processes of O2 consumption an CO2 production (Caleb, et al., 
2012; Fonseca, et al., 2002; Mangaraj, et al., 2015). Likewise, they also have an impact on 
the predictive power of the developed model when it is desired to describe the behavior of 
another set of fruits with different characteristics. In the Michaelis-Menten kinetics, the effect 
of these variables will be represented in the pre-exponential factors of the respiration 
parameters and for samples with a different maturity or ripening stage, or with changes in 
their structure, for example, these pre-exponential factors will variate compared with the 
estimated factors for the fruits initially evaluated. For this reason, it is necessary to take into 
account these considerations in the application of the respiration equations to predict the 
produce behavior in the MAP system. 
3.3.2 Validation in MAP 
All gas transfer parameters through the packages used in the MAP experiment are found 
in Table 3.2. The permeability coefficients of the two packaging materials to O2 and CO2 
were estimated according to the procedure explained in Chapter 2. Gas exchange through 
the perforation made in each package was calculated in Eq. 2.7 taking a correction factor 
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ε equal to 0.5 times the diameter of the perforation (Castellanos, et al., 2016; Chung, et al., 
2003), and obtaining the respective diffusion coefficients of O2 and CO2 in air at 12 °C from 
data reported in (Xanthopoulos, et al., 2012). 
 
Table 3.2. Parameters for calculating the gas exchange in the packages for the validation 
in MAP to 12 °C 
                           Parameter O2 CO2 
Film permeability coefficients 
  
Qi/PP (cm3 mm m-2 d-1 atm-1) 55.3 253.2 
Qi/LDPE (cm3 mm m-2 d-1 atm-1) 124.7 977.6 
Parameters of permeation in the 
perforation   
Di/air (cm2 d-1) 16364 12081 
ε = 0.5d (mm) 0.14 
Ah = πd2/4 (cm2) 6.16 x 10-4 
Qi/PP, Qi/LDPE: Polypropylene and polyethylene permeability coefficients taken from Castellanos 
et al. (2016). Di/air: gas diffusion coefficient in air, adapted from Xanthopoulos, et al. (2012). d: 
perforation diameter. ε: term of correction. Ah: perforation area. 
 
In all packages, O2 concentration decreased and CO2 concentration increased up to 
constant levels in the packaging headspace as shown in Figure 3.3. Equilibrium O2 and 
CO2 levels were reached approximately one and a half days after of beging the storage. 
The reached equilibrium O2 and CO2 concentrations were lower for LDPE bags compared 
with PP bags given the greater permeability of the former to each gas (Table 3.2). With the 
MMU respiration equations obtained and chosen above, and with the gas exchange 
parameters in the packaging system, the differential equations 2.10-2.14 were numerically 
solved. From this, predicted gas concentrations were calculated for the MAP system to test 
conditions. 
As can be seen in Figure 3.3 the gas evolution over time was well described by the 
integrated model. The predicted data suggest an increase and then a slight decrease in 
CO2 concentration before reaching equilibrium levels inside the LDPE bags, which do not 
occurs in the PP bags. For O2, a predicted decrease in the concentration occurs and then 
constant levels are reached in the same way that experimental behavior. The predicted 
equilibrium values were similar to those obtained experimental data as can be seen in Table 
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3.3. The differences between experimental and predicted data are between 0.014-0.017 for 
O2 and 0.001-0.008 for CO2.  
 
Figure 3.3. Evolution in the headspace gas concentration for feijoa fruits packed in PP (O2 ○; CO2 
□) and LDPE (O2 ●; CO2 ■) bags with one perforation x 280 µm at 12 °C and predicted values by the 
model (PP ---; LDPE ―). Bars represent SD. 
 
Table 3.3. Experimental and predicted equilibrium concentrations of O2, CO2 and C2H4 for 
the validation in MAP to 12°C 
Packaging film yO2 eq-exp yO2 eq-pre R
2 yCO2 eq-exp yCO2 eq-pre R
2 
PP 0.082 ± 0.011 0.068 0.905 0.115 ± 0.010 0.123 0.902 
LDPE 0.083 ± 0.007 0.064 0.906 0.051 ± 0.007 0.050 0.970 
PP: cast polypropylene bags. LDPE: low-density polyethylene bags. R2: coefficient of 
determination of the model in each case. 
 
The coefficients of determination of the model were above 0.9 for all cases highlighting a 
good degree of fit with respect to the experimental behavior. Overall, with the integrated 
model, using the MMU equation for respiration and gas permeation parameters through the 
packages and perforations, the gas evolution in the MAP system for feijoa fruits was 
properly described according to the information in Figure 3.3 and Table 3.3. 
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The most important application of the developed model for the evaluated fruits is to setting 
a specific concentration in the headspace of the MAP system. In designing the MAP 
system, it is wanted to find the most favorable conditions for the produce preservation. In 
other words, steady and favorable concentrations of gases in the package headspace and 
that these equilibrium concentrations to be achieved in the shortest time possible 
(Castellanos, et al., 2016). From the developed MAP model for feijoa fruits, the permeability 
parameters required to achieve a defined equilibrium concentration of O2 and CO2 can be 
defined using the differential balance equations (Eqs. 2.10-2.14) and considering that in the 
period of equilibrium, the change of each gas over time will be zero. The time required to 
reach the equilibrium concentration depends on the difference between the target 
concentration and the initial concentration of gas in the MAP system. The less the difference 
between these concentrations, the equilibrium time will be lower in turn. Once the 
parameters of respiration are known, the MAP system can be manipulated to balance these 
processes and achieve the target gas concentration that is more favorable for the fruit. This 
manipulation of the system is done by altering its capacity to transfer gases according with 
the growers and dealers possibilities. First, the choice of a packing material to increase or 
decrease the permeability coefficients.  If the packaging material has been defined, it is 
then possible alter the size of the package and thus increase its surface area and the 
packaging headspace. If the package size is already defined, then perforations can be 
made to increase the transfer capacity and achieve the required level of gas. 
3.4 Conclusions 
The Michaelis-Menten kinetics equation with CO2 uncompetitive inhibition adequately 
describes the respiration process for feijoa fruits obtaining good fit between the predicted 
and experimental O2 and CO2 evolution compared to the chemical kinetics equations. The 
respiration and parameters were properly correlated with storage temperature using 
Arrhenius equations. 
With the developed equations of O2 consumption and CO2 production, an integrated model 
to describe the evolution of O2 and CO2 concentrations in a MAP system was successfully 
established and validated. In the MAP model, analytical expressions for calculating gas 
transfer through the packaging film and the perforations were properly used. 
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Chapter 4. Representing water vapor 
transport, transpiration and weight loss in a 
perforated MAP system for feijoa fruits4 
Abstract 
In modified atmosphere packaging (MAP), the transpiration of the fresh product and the 
exchange of water through the packages are often not properly considered. In Chapters 2 
and 3, a mathematical model to describe the evolution of O2 and CO2 concentration in a 
perforated MAP system was presented. In this chapter, the developed model is extended 
to describe the evolution of water vapor in the packaging headspace, the weight loss of the 
product and the condensation of water in the MAP system. Transpiration was considered 
as the sum of water evaporated due to the gain of energy by the product resulting from its 
respiration process and the difference in water activities between the product and the 
surrounding atmosphere. Respiration was represented using Michaelis-Menten enzyme 
kinetics. The gas transfer through the packaging and the perforations was described with 
Fick equations. The temperature influence on these processes was considered to follow 
the Arrhenius’ law. To experimentally determine the model parameters, feijoa fruits were 
stored under different storage conditions: packaging, relative humidity and temperature. 
The completed model was subsequently validated in a MAP test by packaging fruits in 
perforated polypropylene (PP) and polylactic acid (PLA) bags for 13 days at 12 °C and 75% 
RH. Inside the PP bags, a saturated atmosphere (100% RH) was reached and 1.48% of 
the initial weight in the packed fruit was lost by day 7, while in the PLA bags, an equilibrium 
RH of 83% and a fruit weight loss of 3.29% were measured. The prediction capacity of the 
model was satisfactory, with coefficients of determination (R2) between 0.88-0.99 for the 
different tests. 
 
Keywords: transpiration, modelling, weight loss, water vapor exchange, respiratory heat 
 
                                               
4 This chapter (with minor modifications) was published as: 
Castellanos, D.A., Herrera D.R. & Herrera A.O. 2016. Modelling water vapour transport, 
transpiration and weight loss in a perforated modified atmosphere packaging for feijoa fruits, 
Biosystems Engineering, 151: 218-230. http://dx.doi.org/10.1016/j.biosystemseng.2016.08.015 
122 Modelling change of quality-indicative properties of feijoa in MAP  
 
Nomenclature 
aw water activity 
A effective exchange area of the packaging film (m2) 
Ah cross sectional area of the perforations (cm2) 
D diameter of the perforation (cm) 
de effective diameter of the perforations (cm) 
Di diffusion coefficient of gas i in air (cm2 d-1) 
Ea activation energy (kJ mol-1) 
K mass transfer coefficient (kg kg-1 d-1) 
KmO2, KmCO2 dissociation constants of the enzyme-substrate complex  
KmuCO2, Kmu’CO2 constants of uncompetitive inhibition for consumption of O2 and 
generation of CO2, respectively 
KTri transmission rate of gas i through the perforations (cm3 d-1) 
L film thickness (mm) 
MH2O Molar mass of water (0.018 kg mol-1) 
MMU Michaelis-Menten Kinetics with uncompetitive inhibition 
P pressure (atm) 
pi partial pressure of gas i inside the package (atm) 
piout partial pressure of gas i outside the package (atm) 
pp water partial pressure in the produce (atm) 
Psat saturation water vapor pressure at T (atm) 
Q effective respiration heat used for the moisture transfer (kJ kg-1 d-1) 
Qi film permeability coefficient for gas i (cm3 mm m2 d-1 atm-1) 
R gas constant (0.008314 kJ mol-1 K-1 or 82.057 atm cm3 mol-1 K-1) 
RH relative humidity 
rH2O transpiration rate (kg kg-1 d-1) 
rO2, rCO2 consumption of O2 and generation of CO2 rates (cm3 kg-1 d-1) 
rO2max, rCO2max maximum consumption of O2 and generation of CO2 rates (cm3 kg-1 d-1) 
T packaging/storage time (d) 
T temperature (°C, K) 
V free package volume - headspace (cm3) 
Vcnd condensate water inside the package (cm3)  
W fruit weight (kg) 
Δwsg Weight change in the silica gel 
yO2, yCO2, yH2O, yN2 O2, CO2, water vapor and N2 concentrations inside the package 
yO2out, yCO2out, yH2Oout, 
yN2out 
O2, CO2, water vapor and N2 concentrations outside the package 
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yO2 eq, yCO2 eq, yH2O eq, 
yN2 eq 
equilibrium O2, CO2, water vapor and N2 concentrations inside the 
package 
α fraction of energy used from the respiration process 
ε Correction term for gas transmission through perforations (mm) 
λ latent heat of water evaporation (kJ kg-1) 
ρH2O liquid water density (kg cm-3) 
4.1 Introduction 
Modified atmosphere packaging (MAP) is a storage technology that has been widely used 
to extend the shelf-life of fruits, vegetables and other foods. In the case of fresh produce, it 
is required to reduce the rate of their metabolic processes and microbial counts by 
decreasing the O2 concentration and maintaining moderate concentrations of CO2 in the 
packaging headspace. This is achieved by balancing the produce respiration and the gas 
transfer through the packaging walls to favorable levels of O2 and CO2. A wide range of 
mathematical models to describe the evolution of these gases in MAPs has been developed 
(Castellanos, et al., 2016a; Del-Valle, et al., 2009; Kwon, et al., 2013; Mahajan, et al., 2008; 
Mangaraj, et al., 2014). These models have been used to successfully design packaging 
systems, allowing for the selection of packaging material and its configuration (surface area, 
thickness, perforations), which are necessary to achieve a  favorable atmosphere for the 
packed product. However, the effect of the transport of water from the fresh produce to the 
surrounding atmosphere has not been widely considered. In the MAP system, fresh 
produce continually loses water through transpiration. The water is lost as vapor that goes 
to the packaging headspace and then the external atmosphere by passing through the 
packaging walls. If the permeability of the packaging material to water vapor is low, as with 
many of the most commonly used films, the packaging headspace will be saturated and 
part of the transpirated water will be condensed. In addition, if there are fluctuations in the 
storage temperature, the saturation pressure in turn will change and there will be 
condensation. Condensed water inside the package can lead to the growth of 
microorganisms and product deterioration, ruining the efforts made in the design of the 
modified atmosphere. On the other hand, if the permeability of the package is very high and 
there is a considerable difference between the water activity (aw) of the product and the 
relative humidity of the external atmosphere, there will be a concentration differential that 
will lead to continuing loss of water from the product and, hence, undesirable weight loss. 
Considering the above, an effective MAP system must consider water transport and its 
concentration (relative humidity) in the packaging headspace so that there is no 
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condensation inside the package, but also so that the flow of water lost from the product to 
the external atmosphere is minimal. 
Several models have been developed to represent the evolution in the relative humidity and 
water exchange in MAP systems as linked to changing levels of O2 and CO2 (Guevara-
Arauza, et al., 2006; Lu, et al., 2013; Rennie & Tavoularis, 2009; Sousa-Gallagher, et al., 
2013; Techavises & Hikida, 2008). In these models, two major processes are considered: 
water generation by the packed product (transpiration) and transfer of water vapor through 
the package walls. As for transpiration, some authors (Lu, et al., 2013; Song, et al., 2002) 
believe that this process is a consequence of the energy transferred to and from the product 
in the form of heat due to the respiration process and to the temperature difference between 
the fruit itself and the surroundings (headspace, packaging system and external 
atmosphere). Other studies (Mahajan, et al., 2008; Montanaro, et al., 2012; Sousa-
Gallagher, et al., 2013) have also considered the water loss in the product as a result of the 
difference in the vapor pressure (VPD) between the product surface and the surrounding 
atmosphere, in this case the packaging headspace. Considering the above, it can be 
suggested that the transpiration and water loss in the produce is a consequence of both, 
the heat transferred to and from the produce and the vapor pressure difference between 
the produce and the surrounding atmosphere.  
When the vapor pressure in the atmosphere is less than the vapor pressure in the product, 
both processes will contribute to transpiration. When the vapor pressures become equal, 
transpiration only will be seen as a consequence of the heat exchange to and from the 
product. Likewise, if the vapor pressure in the atmosphere (in the packaging headspace) 
becomes equal to the saturation pressure at the storage temperature, the water lost by the 
product as vapor will be condensed inside the package.  
This heat will be transferred to and from the product mainly by the temperature difference 
between it and the surrounding atmosphere in the process of cooling, the evaporation and 
condensation of water in the system and the respiration process where a number of 
substrates are oxidized to generate energy (Lu, et al., 2013). In case that the vapor pressure 
in the atmosphere (in the packaging headspace) becomes equal to the saturation pressure 
at the storage temperature, the water lost by the product as vapour will be condensed inside 
the package. On the other hand, as a result of transpiration and the water loss in this 
process, the weight of the packaged product will be decreasing over the storage time which 
can bring undesirable effects on its quality. This weight loss can be quite significant when 
the water activities between the product and the surrounding atmosphere are large or when 
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the storage time is long and for this reason, it should be considered in the modelling of the 
MAP system. 
In this chapter, the MAP model developed in Chapters 2 and 3 is extended to include the 
evolution of water vapor (relative humidity) in the packaging headspace, weight loss of the 
packed produce and water condensation inside a flexible MAP system with perforations. In 
order to estimate the required model parameters, the respiration and transpiration rates of 
feijoa, gas permeability coefficients for polypropylene (PP) and polylactic acid (PLA) and 
gas transmission rates through perforations at several temperatures were adjusted to 
suitable equations. Thereafter, a validation experiment was conducted by packaging feijoa 
fruits in PP and PLA bags and comparing the results with those predicted by the model. 
4.2 Materials and Methods 
4.2.1 Fresh fruits 
Feijoa fruits (cv. Quimba) used in the tests were obtained from commercial growers located 
in Tibasosa, in the department of Boyacá, Colombia in June 2015. These were harvested 
at the physiological maturity stage, 20 weeks after flowering (Parra & Fischer, 2014), and 
later transported to the Postharvest Laboratory, Faculty of Agricultural Sciences, 
Universidad Nacional de Colombia (Bogotá, Colombia) in the following days. After 
discarding those with evidence of damage, the fruits with homogeneous characteristics 
were selected and stored at 8 ºC. In the laboratory, the fruits were cleaned with fresh water, 
left to dry at room temperature and then arranged for the various storage tests 
4.2.2 Packages 
For the MAP tests, cast polypropylene bags (PP) with moderate permeability to water vapor 
and polylactic acid (PLA) with a biodegradable film with high permeability to water vapor 
were used to pack the fruits. The PP bags (Rediplast, Bogotá, Colombia) had a thickness 
of 0.025 ± 0.002 mm and the PLA bags (Q4 Packaging Systems S.L., Ribaroja - Valencia, 
Spain) had a thickness of 0.025 ± 0.001 mm. The thickness of the films was determined as 
the average of ten measurements with a Mitutoyo (Kawasaki, Japan) gauge. In the MAP 
tests, 25 x 20 cm bags (1000 cm2) were used. 
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4.2.3 Packages permeability 
The permeability coefficients of the PP and PLA packaging to O2 and CO2 were determined 
previously (Castellanos, et al., 2016b) with steady-state methods. A Mocon® Oxtran 2/21 
(MOCON, Inc., Minneapolis, MN, USA) permeation instrument was used for O2 and a 
temperature-controlled chamber with a parallel flow permeation cell connected to a gas 
chromatograph was used for CO2. The N2 permeability coefficient was estimated from 
information provided by the respective manufacturers and from other studies (Auras & 
Almenar, 2010; Hasbullah, et al., 2000; Techavises & Hikida, 2008). The dependence of 
permeability coefficients with respect to temperature was described using an Arrhenius 
equation (Eq. 4.2). 
To determine the PP and PLA permeability coefficients for water vapor, an experiment was 
conducted at a steady state at 5, 14, 28 and 37 °C with the same principle proposed by 
Techavides & Hikida (2008). In this case, 7.00 ± 0.03 g of dry silica gel were placed in 
cylindrical metal capsules (2 cm height and 3 cm diameter) with an open face. A piece of 
film (PP or PLA) was placed on the open face, attached to the cylindrical capsule with a 
rubber ring and another metallic ring secured with screws. The capsules were then placed 
in a chamber that was kept at 100% RH throughout the experiment for each of the four 
temperatures. The capsules were weighed every 12 hours, measuring the water gain after 
the steady state was reached. The permeability coefficient of the film to water vapor was 








   (4.1) 
 
Where Δwsg/Δt is the weight gain of the silica gel over time in the steady-state region, Psat 
is the saturation pressure of water at the test temperature and A is the surface area of the 
film. It was assumed that the relative humidity inside the capsule was zero, whereas the 
water vapor entering the capsule through the film was immediately absorbed by the silica 
gel. 
The temperature influence was represented by replacing the QH2O data at each temperature 
in the linearized form of an Arrhenius-type equation (Eq. 4.2) and estimating the activation 
energy Ea and the reference permeability coefficient QH2Oref by linear regression. The 
reference temperature Tref was 23 °C. 
 












   (4.2) 
4.2.4 Gas transmission through perforations in the packaging 
To determine the gas transfer through the perforation made in each bag, it was assumed 
that this process can be described by Fick’s diffusion equation with a correction term (ε in 
Eq. 3) due to the resistance to diffusion at the perforation as described in Chapter 2 
(Castellanos, et al., 2016a; Chung, et al., 2003). Thus, the gas i transmission rate through 
the perforation (KTri) can be defined as: 
 
KTRi =  
DiAh
L+ε
   (2.7) 
 
The correction factor ε can be between 0.5 and 1.1 times the effective diameter (de) of the 
perforations. The transfer rate of each gas through the perforation depends on the cross-
sectional area and length (film thickness) of the perforation itself, the diffusivity of the gas 
in the air (gas mixture in the area to which the gas diffuses) and the concentration difference 
between the inside and the outside of the package.  
 
For this study, the transmission rates for O2, CO2, N2 and water vapor were estimated using 
the diffusivity of each gas in air at the test temperature and considering ε = 0.5de and de = 
N1/2d, where N is the number of perforations and d is the perforation diameter (Castellanos, 
et al., 2016a). The dependence of the diffusion coefficients with respect to temperature was 
described in the same way as the permeability coefficients using Arrhenius’ law (Eq. 4.2). 
4.2.5 Fruit respiration 
The respiration rate of the feijoa fruits was determined in as mentioned in Chapter 3 from 
experimental data (Castellanos, et al., 2016b). The experimental respiration data were fitted 
to Michaelis-Menten enzyme kinetics with uncompetitive inhibition by CO2 as previously 
described in Chapters 1 and 2 (Eqs. 1.8 and 2.1) in order to represent the O2 consumption 









   (1.8) 
 









   (2.1) 
 
It was considered that the influence of temperature on the respiration process could be 
described using the Arrhenius’ Law (Eq. 4.3). The temperature dependence was 
determined by replacing the parameters of each equation in the linearized form of Eq. 4.3, 





RT⁄    (4.3) 
 
Pm denotes each of the parameters of the MMU equation, Pmɵ is the pre-exponential factor, 
Ea is the activation energy, R is the universal gas constant, and T is the storage 
temperature. 
4.2.6 Determination of the fruit transpiration in the MAP 
To estimate the transpiration rate in the fruits, the experimental weight loss under different 
storage conditions was measured. The transpiration rate in each storage condition was 





   (4.4) 
 
Where rH2O(t) is the transpiration rate at time t, Δt is the time elapsing between two 
consecutive measurements and Wt is the average fruit weight for Δt.  
 
The feijoa fruits were stored in three packaging groups: 1) exposed without packaging, 2) 
packed in PP bags with one 0.225 mm macro-perforation and 3) packed in PP bags with 
two 0.225 mm macro-perforations. Each group was composed of two fruits with a total 
weight of 140 ± 10 g and the bags were filled with atmospheric air (P = 0.74 atm, 74.67 
kPa). The bags had a total internal surface area of 1000 cm2 and an effective transfer-area 
of 800 cm2. A 200 cm2 polystyrene support with a volume of 200 cm3 was placed in each 
bag to hold the fruit in place and ease sample handling. A simple paper towel was used to 
collect the condensed water lost by the packed fruits after the storage time by carefully 
drying the inner walls of the packaging and the fruit surface before making the 
Castellanos, D.A. 129 
 
measurement of fruit weight. In the packages, the macro-perforations were made to obtain 
two different internal atmospheres with equilibrium concentrations of O2 and CO2 (ensuring 
the level of O2 was not close to 0-1% to prevent anaerobic fermentation), and also to have 
different transfer rates of water vapour in each MAP system to compare the evolution in 
transpiration and weight loss in each case. 
 
After making groups and placing the fruits in the perforated bags, each group was stored in 
Sanyo-Panasonic MLR-352H-PE cabinets (SANYO Electric Co., Ltd, Osaka, Japan) with a 
controlled temperature and relative humidity, at 6, 12 and 18 ± 0.3 °C and 50 and 70±1 % 
RH for a period of 7 days (see table 4.5). For the packed fruits, the O2 and CO2 levels in 
the headspace were measured in the packages by daily taking a gas sample of 5 cm3 
through a rubber seal on the top of the container, which was then analyzed with an 
electronic analyzer, Oxybaby® 6i (Witt-Gasetechnik GmbH & Co. KG, Witten, Germany), 
previously calibrated with Gas Chromatography. Five cm3 of air were introduced into the 
container to replace the withdrawn sample. For the fruits left without package, the O2 and 
CO2 concentrations were considered to be as those of atmospheric air. Daily weight 
measurements were made for the fruits left exposed without a bag using the same samples 
along the storage time, while for the fruits packed in perforated bags, weight measurements 
were taken on odd days (1, 3, 5 and 7) using different bags for each measurement. 
Furthermore, the paper towel was weighed after the storage time to record the condensate 
accumulated inside the package (Vcnd).  
 
All measurements were performed in triplicate, reporting the average value. 
4.2.7 Mathematical Approach 
As presented in Chapter 1, several authors have described transpiration as a function of 
heat exchange between the stored produce and its surroundings (Kang & Lee, 1998; Lu, et 
al., 2013; Song, et al., 2002). The transpiration rate can be deduced from the energy 
balance in the packaging system containing the product (Kang & Lee, 1998): 
 
qW+  hAp(T − Tp) = mH2O,genλ + cpW
dTp
dt
   (1.17) 
 
Where mH2Oevp is the rate of water evaporated in the packed produce, q is the respiratory 
heat, W is the produce weight, h is the convective heat transfer coefficient, cp is the specific 
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heat of the product, λ is the latent heat of moisture evaporation, Ap is the surface area of 
the produce, T is the headspace temperature and Tp is the produce temperature. The heat 
transferred through natural convection from ambient air and the heat generated from 
respiration inside the product both increase the temperature of a fruit, as sensible heat, and 
are converted to the latent heat of moisture evaporation in transpiration. This water loss in 







   (1.18) 
 
Assuming the produce is at a uniform temperature and it is in thermal equilibrium with the 





   (4.5) 
 
The transpiration rate can be defined as the water lost per weight of product per unit time. 
For this, Eq. 10 is appropriately manipulated by dividing the weight on both sides and the 





  (1.21) 
 





   (4.6) 
 
Where rH2O is defined as the kg of water lost per kg of fruit per day (kg kg-1 d-1). The above 
can occur if the temperature control in the storage system is efficient with negligible 
temperature fluctuations, as in modern incubators and plant grow cabinets. Respiratory 
heat is expressed as the energy released by the complete oxidation of one molecule of 
hexose (Kang & Lee, 1998; Song, et al., 2002): 
 
𝐶6𝐻12𝑂6(𝑠) + 6𝑂2  → 6𝐶𝑂2 + 6𝐻2𝑂 + 2816 (𝐾𝐽/𝑚𝑜𝑙)   (4.7) 
 
The respiration heat can be estimated from the respiration reaction (Eq. 4.7) and by 
considering the respiration rate as the average of the O2 consumption and CO2 production 
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rate (Eq. 4.8). The main function of the respiration process is to provide energy for the 
essential processes in the produce cells. However, this oxidation process is not efficient 
and a good part of the energy generated is not exploited. The fraction of energy effectively 
used, called α, is always less than one (Rennie & Tavoularis, 2009; Song, et al., 2002). 
 









)   (4.8) 
 
In Eq. 4.8, q is in kJ kg-1 d-1 and rO2 and rCO2 in cm3 kg-1 d-1. The gas constant R was 82.057 
atm cm3 mol-1 K-1 in this case. The latent heat of moisture evaporation λ in Eq. 4.8 can be 
obtained as a function of temperature from the equation developed by Brooker (Eq. 1.20; 
Brooker, 1967), where temperature is in Kelvin. 
Other authors have considered transpiration to be the result of the difference between the 
partial pressures of water between the produce and the surrounding atmosphere. This 
pressure difference is the driving force that leads to this process. Thus, the transpiration 
rate can be obtained with the following equation (Becker & Fricke, 2001): 
 
rH2O = k(pp − pat)   (1.14) 
 
Where k is a mass transfer coefficient for this process, pp is the water pressure in the 
produce and pat is the water pressure at the headspace. The total mass coefficient is a 
function of the weight of the product, of the weight – surface area ratio and also of the type 
of mass transfer in the moisture loss that can be by diffusion or convection. The water 
concentrations in the produce and in the surrounding atmosphere can be expressed in 
terms of water activity (Mahajan, et al., 2008; Sousa-Gallagher, et al., 2013):  
 
rH2O = k(awp − awat)   (4.9) 
 
In Eq. 4.9, awp is the measured water activity in the produce and awat is the water activity in 
the surrounding atmosphere, RH/100. The relative humidity in the atmosphere surrounding 
the produce is given with: 
 
RH (%) = 100
PyH2O
Psat
   (4.10) 
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The mass transfer coefficient k should be considered to be dependent on the temperature 
and this dependency can be described using Arrhenius’ law (similar to Eq. 4.3). 
 
As mentioned above, considering that both processes, water loss in the produce due the 
gain of energy (by heat transfer) and due the concentration differences, contribute to the 





 + k(awp − awat)   (4.11) 
 
In Eq. 4.11, the rate of water vapor loss, rH2O, is in kg kg-1 d-1, q is in kJ kg-1 d-1, λ is in kJ kg-
1 and k in kg kg-1 d-1. When the concentration of water vapor in the atmosphere is greater 
than the water activity in the produce, it is assumed that the produce does not regain the 
water, but the terms corresponding to the mass transfer become zero. The respiratory heat 
(q) should be effectively used for this process, as described in Eq. 4.7. 
4.2.8 MAP modelling 
In the headspace of the MAP system, the evolution of the O2, CO2 and N2 concentrations 
with respect to storage time can be described using the system balance equations 






= KTRO2(yO2Out − yO2) + 
APQO2
L
(yO2Out − yO2) − rO2W− yO2
dV
dt






= KTRCO2(yCO2Out − yCO2) + 
APQCO2
L
(yCO2Out − yCO2) + rCO2W− yCO2
dV
dt






= KTRN2(yN2Out − yN2) + 
APQN2
L
(yN2Out − yN2) − yN2
dV
dt
   (2.12) 
 
For the fruits exposed without a package, it was considered that the atmosphere levels of 
O2, CO2 and N2 remained approximately constant.  
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As for the evolution of the water vapor, the concentration in the headspace will depend on 
whether the atmosphere inside the package is saturated or not. That is, when the relative 
humidity is less than 100 % in the headspace, there will be a change in the water vapor 
concentration over time; when the relative humidity is 100%, the change in the water vapor 
concentration in the headspace will be zero and the water emitted by the product will 
condense. 
 
Then two situations arise: 
 
1) Assuming the atmosphere inside the package is similar to that of the outside air: If yH2O< 
Ps/P (atmosphere not saturated) and if RH/100< aw, the change in the level of water vapor 





= KTRH2O(yH2Oout − yH2O) + 
APQH2O
L






   
(4.12) 
 
In Eq. 21, rH2O is in kg kg-1 d-1 and it must be multiplied by the ideal gas equation in order to 
obtain the water lost in units of volume (cm3) to be consistent with the other equations. If 
RH/100 ≥ aw, the contribution of the water concentration differential to transpiration is zero 
and Eq. 4.11 is reduced to Eq. 4.6. The condensed water generated inside the packaging 




=  0  (4.13) 
 
Furthermore, considering the sum of the mole fractions of O2, CO2, H2O and N2 in the 
headspace atmosphere can be regarded as 1: 
 
yO2 + yCO2 + 𝑦𝐻2𝑂 + yN2 = 1   (4.14) 
 




= W(rCO2 − rO2 + rH2O (
RT
PMH2O
)) + ∑ ((yiOut − yi) (KTRi +
APQi
L
))4i=1    (4.15) 
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Where i is O2, CO2, N2 or water vapor. 
2) If yH2O = Ps/P (atmosphere saturated), the change in the level of water vapor with the 




=  0   (4.16) 
 







)   (4.18) 
 
The headspace volume change in this case can be written without considering the 




= W(rCO2 − rO2) + ∑ ((yiOut − yi) (KTRi +
APQi
L
))4i=1    (4.19) 
 
Where i is again one of O2, CO2, N2 or water vapor. 
The water generated by transpiration is the same as Eq. 4.6 and will directly condense and 
not change the headspace volume inside the packaging. In the equations above, the 
saturation vapor pressure as a function of temperature can be calculated from an empirical 
equation as described in (ASABE, 2006). The liquid water density-depending temperature 
can be expressed as described by Kell (1975) or using another equation of water density 
as a function of temperature, expressing it in the appropriate units. 
 




= −WrH2O   (4.20) 
 
For the model construction and use, it is necessary to consider the following assumptions: 
- The produce is in thermal equilibrium with the surroundings. 
- All temperature dependent processes can be modelled based on Arrhenius’ law. 
- Produce respiration and transpiration were not affected by ripening or senescence. 
- There was no stratification of gases inside the package. 
- The system pressure corresponded to atmospheric pressure.   
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- The produce did not regain the water lost through transpiration. 
 
The equations for the MAP system were solved numerically using the same calculation 
routine mentioned in Chapters 2 and 3, which was built in the Matlab software (MathWorks, 
Inc., Natick, MA, USA) from the ‘ode 15s’ function, a multi-step implicit method based on 
numerical differentiation formulas, NDF (Castellanos, et al., 2016a; Castellanos, et al., 
2016b). The change in the O2, CO2, and water vapor levels in the headspace, the weight 
loss and the condensated water inside the packages were calculated once the test 
conditions were defined in the calculation routine. The conditions defined in this case were: 
concentration of gases and relative humidity in the external atmosphere, atmospheric 
pressure, fruit weight, type of film, area and thickness of the bag used for packaging and 
initial gas levels and headspace volume in the package. 
Finally, the data for the concentration of gases, fruit weight and condensed water generated 
in the calculation routine were compared with the experimental measurements in the bags 
to evaluate the predictive power of the developed model to describe changes in the MAP 
system. For this, the cumulative weight loss and condensed water inside the packaging 









   (4.22) 
 
Where CWL(t)% is the percentage of weight loss in the packed product and CVcnd(t)% is 
the percentage of condensed water accumulated within the packaging relative to the initial 
weight of the fruit at time t. W ini is the initial product weight, Wt is the product weight at time 
t and Vcndt is the volume of condensate accumulated at time t. 
4.2.9 Validation test 
After obtaining the parameters for calculating the transpiration rate as a function of the 
storage temperature and for the numerical solution of the MAP model, a validation test for 
packing feijoa fruits (140 ± 20 g) in PP and PLA bags with the characteristics described 
above was performed. A perforation of 0.225 mm was made in each bag. Packed fruits 
were stored at 12 °C and 75 % RH for a period of 13 days, and the O2 and CO2 
concentrations in the headspace, fruit weight and condensation inside the package were 
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measured in the storage time. In the PLA bags, a digital humidity/temperature meter CC-
4096 Traceable® (Control Company, Friendswood, TX, USA) was introduced to record the 
relative humidity during the storage period. In the PP bags, 100 % RH was reached inside 
the bags (All measurements were made in triplicate). The results were compared with those 
predicted by the developed model in order to assess its predictive power. 
4.3 Results and discussion 
4.3.1 Gas permeation through the packages 
The permeability parameters for the PP and PLA bags to O2, CO2 and N2 are shown in 
Table 4.1. As mentioned above, PP bags were used to determine the transpiration rate of 
the fruits and in the validation test for the MAP, while PLA bags were only used in the 
validation test. The reference permeability coefficients and activation energies shown in 
Table 4.2 and required to calculate the permeability coefficients for each gas were obtained 
from several studies (Auras & Almenar, 2010; Castellanos, et al., 2016a; Hasbullah, et al., 
2000; Techavises & Hikida, 2008). 
Table 4.1. Reference permeability coefficients and Arrhenius activation energies of PP and PLA for 
water vapor, O2, CO2 and N2 
Film permeability coefficients PP PLA 
H2O   
Qref* (cm3 mm m-2 d-1 atm-1) 5499.06 404019.64 
Ea (kJ mol-1) 72.22 55.56 
R2 0.991 0.995 
O2**   
Qref* (cm3 mm m-2 d-1 atm-1) 115.04 73.05 
Ea (kJ mol-1) 46.71 44.39 
CO2**   
Qref* (cm3 mm m-2 d-1 atm-1) 340.25 201.07 
Ea (kJ mol-1) 18.85 16.72 
N2***   
Qref* (cm3 mm m-2 d-1 atm-1) 27.39 18.30 
Ea (kJ mol-1) 41.70 11.20 
*Reference permeability coefficients at Tref = 296.15 K (23°C). ** Taken from Castellanos et al. 
(2016a). *** Estimated from Techavides & Hikida (2008), Auras & Almenar (2010), Hasbullah (2010) 
and manufacturers. 
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The transmission rates (KTR) of O2, CO2 and N2 through the perforations made in the bags 
were obtained using the diffusion coefficients of these gases in air reported by Burg (2004) 
and Xanthopoulos et al. (2012) and are shown in Table 4.2. These values were calculated 
using Fick's law (Eq. 2.7) and incorporating the correction term ε (Castellanos, et al., 2016a; 
Del-Valle, et al., 2009).  
Table 4.2. Parameters of gas transmission through the perforations made in the packaging 
bags 
 
O2 CO2 H2O N2 
Coefficients of diffusion in air 
   
 
Di/air ref (cm2 d-1)* 
17477 12923 17692 17279 
Ea (kJ mol-1)* 
4.20 4.31 4.63 4.22 
Parameters of transmission through the 
perforations    
 
ε (mm) 0.5de** 0.6de** 0.5de 0.5de** 
de (x1 perforation)  10.5 x 0.225 = 0.225 mm 
de (x2 perforations) 20.5 x 0.225 = 0.318 mm 
* Reference coefficients of diffusion (at Tref = 296.15 °C) and activation energies adapted from Burg 
(2004), Xanthopoulos et al. (2012). 
** Calculated in the same way as Castellanos et al. (2016a). 
4.3.2 Permeation parameters to water vapor 
To estimate the water exchange in the MAP system, it was first necessary to determine the 
permeation parameters of the packages that were used. The reference permeability 
coefficients and activation energies obtained experimentally for the PP and PLA films in the 
steady state test at different temperatures are shown in Table 4.1. The regression 
coefficients were 0.991 for PP and 0.995 for PLA, showing good correspondence of the 
Arrhenius parameters with experimental data of water permeability. The coefficients of 
permeability to water vapor experimentally obtained were in the same order but about 2 
times higher than those reported by Kulchan et al. (2008) and Togashi & Hara (2011) for 
PP, and are nearly 15 % higher than the values reported by Auras & Almenar (2010) for 
PLA. The water vapor permeation through the perforations was calculated in the same way 
as for the other gases, using the modified Fick equation (Eq. 2.7) with a correction factor 
equal to 0.5de and using the parameters shown in Table 4.2 from data reported by several 
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authors (Burg, 2004; Castellanos, et al., 2016a; Xanthopoulos, et al., 2012) and packaging 
manufacturers. 
4.3.3 Respiration and O2 and CO2 evolution 
O2 consumption and CO2 production rates for the fruits packed in the three storage 
conditions described above were calculated using the respiration parameters for the MMU 
equation (Castellanos, et al., 2016b) shown in Table 4.3. For the fruits stored without 
packaging, the O2 and CO2 concentrations were kept at a constant 0.202 ± 0.003 mole 
fraction of O2 and 0.004 ± 0.002 mole fraction of CO2 throughout the storage time. In Figure 
4.1, the headspace O2 and CO2 evolution for the fruits packed in PP bags with perforations 
are shown.  
 
Table 4.3. Estimated parameters of O2 consumption and CO2 production rates of the Michaelis-
Menten Uncompetitive (MMU) equation for feijoa fruits 
MMU parameters* O2 CO2 
rmax (cm3 kg-1 d-1)   
rmaxθ  (cm3 kg-1 d-1)** 9.60 ± 0.42 x 1015 3.59 ± 0.24 x 1014 
Ea (kJ mol-1) 68.51 ± 3.12 60.43 ± 4.09 
Km   
Kmθ** 7.09 ± 0.33 x 1010 2.99 ± 0.20 x 107 
Ea (kJ mol-1) 65.07 ± 3.00 46.76 ± 3.16 
Kmu   
Kmuθ** 5.27 ± 0.24 x 1011 7.60 ± 0.51 x 1014 
Ea (kJ mol-1) 70.92 ± 3.24 88.15 ± 5.96 
*Taken from Castellanos et al. (2016b). For each parameter, standard deviation is included 
** Pre-exponential factor of each parameter. 
For the different storage conditions, equilibrium O2 and CO2 levels were reached inside the 
packages. O2 consumption and CO2 production by the fruit were greater at higher 
temperatures, decreasing the O2 concentration and increasing the CO2 concentration to 
reach the steady state. Moreover, for the PP bags with two 0.225 mm perforations, the O2 
equilibrium levels were greater and the CO2 levels were lower as compared with the PP 
bags with one perforation. This was due to the greater gas permeation rate resulting from 
having one additional perforation. At 18 °C, equilibrium concentrations of 4% O2 and 14% 
CO2 for the PP bags with 1 perforation and 7% O2 and 13% CO2 for bags with two 
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perforation were reached. At 6 °C, equilibrium concentrations of 15% O2 and 6% CO2 for 
bags with 1 perforation and 14% O2 and 7% CO2 for bags with two perforations were 
reached after 7 days of storage. There were no significant differences in the equilibrium of 
the O2 and CO2 levels due to the external relative humidity in the storage cabinets, as can 
be seen for bags stored at 50% RH and 70% RH at the same temperature and number of 
perforations in the packaging. The lines in Figure 4.1 show the O2 and CO2 concentrations 
predicted by the developed model for inside the PP bags, using MMU kinetics (Eqs. 1.8 
and 2.1) to calculate the respiration rates. The transfer of these gases through the package 
walls and perforations was calculated in the model using the parameters shown in Table 
4.1 (PP permeability coefficients) and Table 2 (transmission rate through the perforations), 
respectively. The predicted values satisfactorily represented the experimental evolution of 
gases, as shown in Figure 4.1, under the different conditions of temperature, RH and 
perforations. 
 
Figure 4.1. O2 (♦) and CO2 (■) evolution inside PP bags with one and two perforations of 0.225 mm 
at 6 °C, 12 °C and 18 °C, and 50 and 70 % RH for feijoa fruits. Lines represent O2 and CO2 
concentrations predicted by the model. 
4.3.4 Determination of the fruit transpiration in the MAP 
The transpiration rate of the feijoa fruits was determined from the weight loss data obtained 
for the fruit stored without packaging and packed in PP bags with perforations. In all the 
studied storage conditions, the fruits lost weight linearly throughout the storage period as 
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shown in Figures 4.2 (18 °C), 4.3 (12 °C) and 4.4 (6 °C). By increasing the storage 
temperature, fruit weight loss was greater, being highest at 18 ° C. By day 7 of storage, the 
weight loss in the fruit stored at 18 °C was between 2 and 3 times higher than for the fruit 
stored at 6 °C, considering all of the conditions of the packaging and relative humidity (see 
also Table 4.4). In addition, as the relative humidity in the atmosphere surrounding the 
product was lower, the weight loss was greater. For the fruits stored without packaging, the 
weight loss was greater at 50% RH than at 70% RH at the three test temperatures. Similarly, 
the fruits stored without packaging lost far more weight compared to the fruits stored in 
perforated PP bags as shown in Figures 4.2-4.4.  
In the fruits packed in PP with one and two perforations, a saturated atmosphere (100% 
RH) in the headspace was quickly reached, about 1-2 hours after packing in all cases. By 
day 7 of storage, the weight loss in the fruits stored without packaging at 50% RH was 5 to 
7 times greater than for the fruits packed in PP bags at 100% RH in the headspace. Weight 
losses were higher as the concentration differential (water activity) between the fruits and 
the surrounding atmosphere increased.  
 
Figure 4.2. Cumulative weight loss for the feijoa fruits stored without packaging (●) and packed in 
PP bags with one perforation (♦) and two perforations (■) of 0.225 mm at 18 °C and 50 and 70 % 
RH. Lines represent weight loss predicted by the model. Bars represent standard deviation (SD). 
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Figure 4.3. Cumulative weight loss for the feijoa fruits stored without packaging (●) and packed in 
PP bags with one perforation (♦) and two perforations (■) of 0.225 mm at 12 °C and 50 and 70 % 
RH. Lines represent weight loss predicted by the model. Bars represent SD. 
 
Figure 4.4. Cumulative weight loss for the feijoa fruits stored without packaging (●) and packed in 
PP bags with one perforation (♦) and two perforations (■) of 0.225 mm at 6 °C and 50 and 70 % RH. 
Lines represent weight loss predicted by the model. Bars represent SD. 
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The greatest weight loss for the 7 days of storage corresponded to the fruits stored without 
packaging at 18 °C and 50% RH, at 7.13% (Table 4.4). The differences in weight loss 
between the fruits packed in PP with one and two perforations at 6 and 12 °C were 
negligible and, at 18 °C, a slightly greater loss for the fruits stored in bags with two 
perforations was observed. This was due to that in both packaging configurations water 
vapor saturation in the headspace was quickly reached. 
Eq. 4.11 was used to calculate the transpiration rate of the fruits to the different conditions. 
In this equation, as mentioned above, it was assumed that two processes contributed to 
the transpiration. On one hand, the transfer of water vapor due to the difference in water 
activity between the product and the surrounding atmosphere and, on the other hand, the 
product water loss due to the heat transfer and, assuming there was a thermal equilibrium 
in the system, specifically, to respiratory heat. 
In Figures 4.2-4.4, it can be seen that for the PP perforated bags, there was a continuous 
loss of water although, as discussed earlier, 100 % RH was achieved 1-2 hours after 
initiating storage. This water lost by the product was not transferred to the headspace 
atmosphere because it was saturated and was condensed inside the packaging (Table 4.4). 
In this case, Eq. 4.11 was simplified to Eq. 4.6 considering there was no actual transfer of 
water between the product and the surrounding atmosphere. Numerically, the difference 
between the water activity of the headspace atmosphere (equal to 1) and the water activity 
of the product (estimated to be 0.97) was negative; however, it was assumed that, at this 
point, the water lost by the product due to transpiration was not regained. With Eq. 4.6 and 
considering the fact that saturation inside the packages is reached in a short time compared 
to the total storage time, the respiratory heat was calculated depending on the respiration 
rates (Eq. 4.8) and then term α; the fraction of energy used from the respiration process in 
the transpiration rate was found by iteration. The value of α was found by replacing the 
experimental transpiration rate calculated using Eq. 4.4 for packed fruits and then finding 
the respiratory heat required to generate that transpiration rate in Eq. 4.6. As shown in 
Table 4.5, α was equal to 0.25. This value was less than that estimated in other studies 
(Rennie & Tavoularis, 2009; Song, et al., 2002), who gave an alpha value of 0.8-0.95. 
However, it is necessary to say that of the energy resulting from the oxidation of substrates 
in respiration process, a good part is used in metabolic cycles of the product (about 50-60 
%) and the rest is dissipated as heat (Mir & Beaudry, 2002). Of the respiratory heat that is 
dissipated, a part is exchanged with the surroundings and the other part will be used to 
transfer out moisture from the product. 
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Table 4.4. Experimental and predicted cumulative fruit weight loss and condensate water inside 

















18 70 Bag + 1 perf 100 0.92 ± 0.07 0.92 0.988 0.87 ± 0.05 0.90  0.994 
18 70 Bag + 2 perf 100 1.01 ± 0.13 1.19 0.876 1.06 ± 0.06 1.16  0.987 
18 70 No pack .. 5.62 ± 0.71 5.66 0.998 .. .. .. 
18 50 Bag + 1 perf 100 1.16 ± 0.11 0.91 0.900 0.89 ± 0.03 0.90  0.986 
18 50 Bag + 2 perf 100 1.35 ± 0.08 1.19 0.944 1.23 ± 0.04 1.17  0.987 
18 50 No pack .. 7.13 ± 0.30 7.59 0.990 .. .. .. 
12 70 Bag + 1 perf 100 0.74 ± 0.06 0.73 0.974 0.66 ± 0.04 0.71 0.986 
12 70 Bag + 2 perf 100 0.90 ± 0.13 0.77 0.937 0.80 ± 0.03 0.75  0.974 
12 70 No pack .. 3.61 ± 0.52 3.88 0.988 .. .. .. 
12 50 Bag + 1 perf 100 0.67 ± 0.05 0.70 0.955 0.64 ± 0.02 0.68  0.987 
12 50 Bag + 2 perf 100 0.69 ± 0.05 0.75 0.966 0.65 ± 0.02 0.73  0.989 
12 50 No pack .. 5.09 ± 0.46 5.25 0.996 .. .. .. 
6 70 Bag + 1 perf 100 0.53 ± 0.09 0.41 0.855 0.42 ± 0.05 0.38  0.974 
6 70 Bag + 2 perf 100 0.55 ± 0.06 0.44 0.863 0.47 ± 0.04 0.43  0.971 
6 70 No pack .. 2.75 ± 0.35 2.52 0.981 .. .. .. 
6 50 Bag + 1 perf 100 0.47 ± 0.09 0.41 0.916 0.39 ± 0.02 0.40 0.976 
6 50 Bag + 2 perf 100 0.49 ± 0.06 0.44 0.858 0.42 ± 0.02 0.43  0.985 
6 50 No pack .. 3.29 ± 0.44 3.46 0.992 .. .. .. 
C-WL: percentage of cumulative weight loss, experimental (exp) and predicted (pre). C-Vcnd: 
percentage of cumulative condensate water related to the initial fruit weight. R2: coefficient of 
determination. Test in bags with one perforation (Bag + 1 perf x 0.225 mm), two perforations (Bag 
+ 2 perf x 0.225 mm) and fruits without bag (No pack). Standard deviation is included. 
 
After determining the value of α, the coefficients of mass transfer (k in Eq. 4.11) were 
estimated using the experimental data from weight loss corresponding to the fruits stored 
without packaging (where the RH remained constant at 50% or 70%). The k coefficients 
were found to be similar to the term α, replacing the experimental transpiration rates of the 
fruit stored without packaging in Eq. 4.11 and iteratively finding the values required to meet 
this transpiration rate. With the k coefficients estimated at each temperature, the Arrhenius 
equation (Eq. 4.2) was used to find the reference coefficient of mass transfer (Tref = 23 °C) 
and the activation energy. These values are shown in Table 4.5 and correlate well with the 
experimental data with an R2 = 0.943. Once the required parameters in Eq. 4.11 were found, 
the experimental cumulative percentages of weight loss by the fruits and condensed water 
within the packaging during the storage time and the corresponding values predicted by the 
model were calculated with Eqs. 4.21 and 4.22. These values are shown in Table 4.4 
together with the corresponding R2. Of course, there was no condensed water for the fruits 
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stored without packaging. The values predicted by the model had a good fit to the 
experimental values as shown in Figures 4.2-4.4 and in Table 4.4. With the model, it was 
possible to adequately predict the evolution in the weight loss of the fruits and the 
accumulation of condensation within the perforated PP bags. 
 
Table 4.5. Parameters for the calculation of the transpiration rate due the respiration heat and the 
water partial pressure difference between the fruit and the surrounding atmosphere (Eq. 4.11) 
Respiration heat (Eq. 4.8) 
α 0.25 ± 0.02 
Mass transfer due the water partial pressure difference 
k (kg kg-1 d-1)  
kref (kg kg-1 d-1)* 3.65 ± 0.28 x 10-2 
Ea (kJ mol-1) 44.93 ± 2.77 
R2 0.943 
*Reference mass transfer coefficient at T = 296.15 K (23 °C). Standard deviation is included. 
4.3.5 Validation packaging test with PP and PLA 
As in the initial tests, for the perforated bags of PP and PLA, the O2 concentration decreased 
and the CO2 concentration increased until equilibrium levels for both gases were reached 
in the headspace, as shown in Figure 4.5. In the PLA bags, equilibrium O2 and CO2 
concentrations of 7.8 % and 13.5 % were reached, while, for the PP bags, 8.3 % O2 and 
10.5 % CO2 were reached. This difference was due solely to the lower PLA permeability to 
these gases regarding PP (Table 4.2) since, for both bags, one perforation of the same 
effective diameter was made. As shown in Figure 4.5, the O2 and CO2 concentrations 
predicted by the model were satisfactorily closer to the experimentally measured values for 
both packaging types. 
In both types of packaging, the fruits lost weight throughout the storage time, with a greater 
weight loss for the PLA bags, as shown in Figure 4.6 and Table 4.6. By the day 13 of 
storage, the fruits packed in PLA lost 3.29% of their initial weight, while the fruits packed in 
PP lost 1.48% of their initial weight. In the PP bags, a RH of 100 % was quickly reached in 
the atmosphere headspace, while, in the PLA bags, there was no saturation in the 
headspace and an equilibrium RH of 84% was reached. Furthermore, there was water 
condensation inside the PP bags (1.39 % compared to the initial weight of the fruits), while, 
in the PLA bags, the condensation was negligible (Table 4.6). This was due to the large 
difference in the permeability to water vapor between the two packaging materials. The PLA 
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permeability to water vapor was close to 100 times greater than that of PP. The values 
predicted by the model developed for the relative humidity in the packaging headspace, the 
weight lost by the fruits and the accumulated condensate satisfactorily fit to the 
experimental measurements. The coefficients of determination of the model for these 
values were between 0.91 and 0.99, showing its good predictive power.  
 
Figure 4.5. O2 (♦) and CO2 (■) evolution inside PP and PLA with one of 0.225 mm at 12 °C and 75 
% RH for feijoa fruits. Lines represent O2 and CO2 concentrations predicted by the model. Bars 
represent SD. 
 
Figure 4.6. Cumulative weight loss for the feijoa fruits packed in PP (♦) and PLA bags (■) with 1 
perforation of 0.225 mm at 12 °C and 75 % RH. Lines represent weight loss predicted by the model. 
Bars represent SD. 
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Table 4.6. Experimental and predicted equilibrium relative humidity, cumulative weight loss and 




















PP + 1 
perf 
99 ± 1 100 0.991 
1.48 ± 
0.15  
1.38 0.984 1.39 ± 0.09 1.36 0.977 
PLA + 1 
perf 
84 ± 2 83 0.933 
3.29 ± 
0.29 
3.14 0.985 0.03 ± 0.01 0.00 0.913 
Internal RHeq: Equilibrium relative humidity inside the package, experimental (exp) and predicted 
(pre). C-WL: percentage of cumulative weight loss. C-Vcnd: percentage of cumulative condensate 
water related to the initial fruit weight. R2: coefficient of determination of the model.  
4.4 Conclusions 
A mathematical model to describe the transpiration rate by a product packed in a MAP and 
the water transport through the system was successfully developed. The model considered 
the storage temperature, the difference in water activity between the packed product and 
the atmosphere that surrounded it and the respiratory heat influence for the transpiration of 
the fruits. The respiration rate (O2 consumption and CO2 production), the gas exchange 
through the packaging system and the perforations made in the package, and the change 
in volume of the headspace were properly integrated in the model. 
The developed model was validated in a MAP test by packing feijoa fruits in PP and PLA 
bags and showed good predictability for the evolution of product weight loss, accumulation 
of condensed water and changes in relative humidity in packaging headspace. 
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Chapter 5. Development of an suitable EMAP 
system for feijoa fruits and modelling 
firmness and color evolution5 
Abstract 
Equilibrium modified atmosphere packaging (EMAP) improve the preservation of fresh 
produce by using favorable levels of gases that remain constant for most of the packaging 
time. An experiment was conducted to obtain a suitable EMAP system for feijoa fruits (Acca 
sellowiana Berg), storing samples without packaging and packed in PP bags (unperforated 
and with 1-3 perforations of 0.225 mm) at 6, 12 and 17 °C and 85% RH. The equilibrium 
concentration of the gases in the packaging headspace for each EMAP was estimated in 
advance, using the MAP model developed in Chapters 2-4. The effect of different storage 
conditions on the fruits was determined by evaluating the change in the deterioration index, 
weight, firmness, color and organic acids. In the different EMAP systems, the storage time 
of the fruits was significantly increased as compared to those stored without packaging at 
17 °C, from 17 to 25-31 days for the EMAP at 12 and 17 °C, and 35-38 days for the EMAP 
at 6 °C. Based on the evolution of the measured properties, the most favorable EMAP 
configuration was 6 °C and 8.2 kPa of O2 – 5.8 kPa of CO2 (PP bags with one perforation). 
With the obtained data, mathematical models were also developed to describe the evolution 
in firmness and flesh color of the stored fruits depending on the temperature and O2 and 
CO2 concentrations. The models adequately represented the behavior of these properties, 
obtaining R2adj values of 0.948 for firmness and 0.94-0.95 for the color coordinates L*, a* 
and b*. 
 
Keywords: EMAP, storage life, quality properties, simulation, modelling 
 
                                               
5 This chapter (with minor modifications) was published as:  
Castellanos, D.A., Polanía, W. & Herrera A.O. 2016. Development of an equilibrium modified 
atmosphere packaging for feijoa fruits and modeling color and firmness evolution, Postharvest 
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Nomenclature 
a, b apparent reaction orders 
A effective exchange area of the bag (m2) 
a* CIELAB red(+)/green(−) color coordinate 
a0* CIELAB red(+)/green(−) color coordinate on day zero of storage 
b* CIELAB yellow(+)/blue(−) color coordinate 
b0* CIELAB yellow(+)/blue(−) color coordinate on day zero of storage 
Ea activation energy (kJ mol-1) 
F firmness (N) 
F0 firmness on day zero of storage (N) 
Ffix fixed firmness in the produce (N) 
KmO2 dissociation constant of the enzyme-substrate complex for firmness and 
respiration 
KmuCO2 constant of uncompetitive inhibition by CO2 for firmness and respiration 
KTRO2, KTRCO2, KTRN2 transmission rate of O2, CO2 and N2 through the perforations (cm3 d-1) 
k firmness, L* or a* parameter of change as a function of the O2 and CO2 levels 
in the headspace (d-1) 
komax maximum oxidative rate of firmness loss (d-1) 
kT L*, a* or b* parameter of change as a function of the storage temperature 
k1, k2, k3 b* parameters of change as a function of the O2 and CO2 levels  
L film thickness (mm) 
L* CIELAB lightness coordinate 
L0* CIELAB lightness coordinate on day zero of storage 
Lfix* minimum CIELAB lightness coordinate 
P system pressure (kPa) 
Pm firmness or color parameter depending on temperature 
Pmref firmness or color parameter at Tref 
QO2, QCO2, QN2 packaging permeability coefficient to O2, CO2 and N2 (cm3 mm m2 d-1 atm-1) 
R universal gas constant (0.008314 kJ mol-1 K-1 or 8314 kPa cm3 mol-1 K-1) 
rO2, rCO2 rates of O2 consumption and CO2 generation (cm3 kg-1 d-1) 
t storage time (d) 
T temperature (°C, K) 
Tref reference temperature (°C, K) 
V packaging headspace (cm3) 
W fruit weight (kg) 
yO2, yCO2, yN2 O2, CO2 and N2 concentrations inside the packaging 
yO2out, yCO2out, yN2out O2, CO2 and N2 concentrations outside the packaging 
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5.1 Introduction 
In a modified atmosphere packaging system, there is a dynamic interaction between the 
product metabolism (O2 consumption and CO2 generation) and the transfer of gases 
through the package (O2 input and CO2 output). A balance in these two processes is 
desirable to obtain an equilibrium modified atmosphere packaging (EMAP) specifically 
favorable for increasing the storage life of the packed product (Del-Valle, et al., 2009; 
Mistriotis, et al., 2016).  
 
In order to obtain a satisfactory EMAP system, it is necessary to know the type of product 
to be packed, the weight and the rates of respiration and transpiration at the storage 
temperature. It is also necessary to know the permeability of the package, which is defined 
by the type of packaging material, the thickness, the effective area of gas exchange and 
whether or not it is perforated. From these data, it is possible to construct models to 
describe the behavior of the system and thus predict the concentrations of the gases in the 
equilibrium period (Castellanos, et al., 2016; Mangaraj, et al., 2011). However, each 
particular product has a specific reaction to a particular MA and, therefore, the most 
appropriate gas concentrations and temperature that extend the shelf-life of the product are 
required. This aspect is critical for implementing the system since not every AM will be 
suitable for a fresh product and, if the favorable gas concentrations are not known, in the 
best-case scenario, the best product preservation is not achieved and, in the worst-case, it 
may induce damage and decrease the shelf-life, the opposite of what is intended. 
 
The EMAP effectiveness in a packed product is related to the change in quality properties, 
considering that these properties are influenced by storage conditions, such as temperature 
and gas concentrations in the packaging headspace (Gwanpua, et al., 2012; Selcuk & 
Erkan, 2015). As previously mentioned, in a MAP system, the ripening and deterioration 
will be influenced and, if the system is suitable, these processes will be delayed since the 
enzyme activity is reduced due to a decrease in temperature and  O2 and an increase in 
CO2 concentration in the headspace surrounding the product (Castellanos & Algecira, 
2012). This results in a reduction of metabolic activity and a decrease in the rate of 
degradation of organic acids, carbohydrates, chlorophylls, pigments, volatile and sugars 
production and moisture loss and hence, the evolution of physicochemical and quality 
properties such as color, firmness, weight, acidity, soluble solids and shelf-life (Banda, et 
al., 2015; Gwanpua, et al., 2012; Hertog, et al., 2004). 
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When, through the evolution in quality properties, the most satisfactory EMAP for a given 
product has been defined, available mathematical models can be used to determine a 
suitable packaging system (the required permeability) to reach these equilibrium 
concentrations. However, in many cases it may not be feasible or practical to obtain a 
packaging system with the permeability necessary for achieving the desired EMAP. The 
appropriate packing material may not be available, the available package size may be 
different from that required or the equipment necessary to make the needed perforations to 
achieve the target permeability may not be available; or the conditions may change during 
the storage period uncontrollably (mainly refrigeration temperature). In these situations, it 
may be very useful to know in advance how to evolve the product quality properties 
considering the current storage conditions to determine how its shelf-life is modified. 
As there is a direct relationship between the packaging conditions and the change in quality 
properties, it is also possible to develop and use mathematical models to describe the 
evolution of these properties in the same way as have been used to describe the evolution 
in the concentration of gases in the MAP system. Some authors have shown changes in 
properties such as color, firmness (texture) and weight loss due to the ease of 
measurement and its direct relationship with the product shelf-life (Hertog, et al., 2003; 
Mangaraj & Goswami, 2011; Pathare, et al., 2013; Tijskens & Schouten, 2009). However, 
the evolution of these properties has been generally considered only as a function of 
temperature and only a few studies have considered the influence of the O2 or CO2 levels 
on the firmness or color of a product (Castellanos & Algecira, 2012; Hertog, et al., 2003; 
Hertog, et al., 2004). In the end, it is desired to use properties that are indicative of quality, 
such as color or firmness, which are easy to measure and representative throughout the 
product storage life. 
In the case of feijoa fruits (Acca sellowiana Berg) there is not much information available 
on the use of modified atmospheres for conservation and the existing information is 
contradictory (Parra & Fischer, 2013). Galvis et al. (2003) packed feijoa fruits in PE bags 
with 8% O2 and 5% CO2 (at 0.74 atm) for 3 weeks at 6 °C with some damage in the quality 
properties. East et al. (2009) reported that O2 concentrations between 1-3% and CO2 
concentrations less than 1% (at 1 atm) contributed to the conservation of 'Unique' feijoa for 
56 days at 5 °C without harming the quality properties. As for the modelling of the evolution 
of the feijoa quality properties, we have not found any available literature. 
In this Chapter, EMAP systems for feijoa fruits are developed, identifying the most suitable 
conditions of preservation in their quality properties and a model to represent the evolution 
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in firmness and color of the fruits as a function of the packaging conditions is also presented. 
The fruits were packed in polypropylene bags with different numbers of micro-perforations 
and stored at various temperatures, determining the effects of the different equilibrium 
atmospheres on the evolution of the product quality. The concentration of the gases in each 
EMAP was previously estimated by simulation using the MAP model described in Chapters 
2-4 to ensure that the samples would not be stored under inappropriate conditions and that 
the equilibrium concentrations in each system were different. 
5.2 Materials and Methods 
5.2.1 Fresh samples 
The fruits used in the tests were obtained from commercial growers located in Tibasosa, in 
the department of Boyacá, Colombia in November-December, 2015. They were harvested 
at the physiological maturity stage, 20 weeks after flowering (Galvis, 2003; Parra & Fischer, 
2014), and transported to the Postharvest Laboratory, Faculty of Agricultural Sciences, 
Universidad Nacional de Colombia (Bogotá, Colombia) in the following days. After 
discarding those with evidence of damage, the fruits with homogeneous characteristics 
were selected to ensure uniformity in the size, weight and color of the sample group and 
stored at 8 ºC. In the laboratory, the fruits were randomly arranged for the different MAP 
tests. The initial properties of the fruits are shown in Table 5.1. 
5.2.2 Packaging material 
For the MAP tests, cast polypropylene bags (PP) with moderate permeability to water vapor 
and CO2 and low permeability to O2 were used (Table 5.2). The PP bags (Rediplast, Bogotá, 
Colombia) had a thickness of 0.025 ± 0.002 mm and a size of 25 x 20 cm. The thickness of 
the films was determined as the average of ten measurements with a Mitutoyo (Kawasaki, 
Japan) gauge. The permeability coefficients of the PP packaging to O2 and CO2 were 
determined as described in Chapter 2 with steady-state methods (Castellanos, et al., 2016). 
A Mocon® Oxtran 2/21 (MOCON, Inc., Minneapolis, MN, USA) permeation instrument was 
used for the O2 and a temperature-controlled chamber with a parallel flow permeation cell 
connected to a gas chromatograph was used for the CO2. The N2 permeability coefficient 
was estimated from information provided by the respective manufacturers and from other 
studies (Hasbullah, et al., 2000; Techavises & Hikida, 2008). Perforations were made in 
some of the PP bags to increase their permeability. The permeation rate of gases through 
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these perforations was estimated from a modified Fick equation, Eq. 2.7. The transmission 
rates of O2, CO2 and N2 through the perforations made in the bags at the different storage 
temperatures are shown in Table 5.2. 
5.2.3 Making the EMAP systems and storage 
Groups of two fruits with a total weight of 125 ± 7 g were placed in each PP bag and the 
bags were filled with atmospheric air (P = 74.7 kPa). The bags had a total internal surface 
area of 1000 cm2, an effective transfer-area of 800 cm2 and an initial headspace volume of 
410 ± 12 cm3. A 200 cm2 polystyrene (PS) support with a volume of 200 cm3 was placed in 
each bag to hold the fruit in place and ease the sample handling. A paper towel of the same 
surface area was placed on the PS support to collect the condensed water lost by the 
packed fruits. The packed fruits were stored at 6, 12 and 17 °C and 85% RH between 28-
35 days, depending on the evolution of the quality properties. At 6 °C, bags without 
perforations and with 1 and 2 perforations with an effective diameter of 0.225 mm were 
used. At 12 and 17 °C, bags with 1, 2 and 3 perforations of 0.225 mm were used (Table 
5.3). In all of the packaging systems, an equilibrium gas concentration was reached in the 
packaging headspace and the O2 level did not reach 0% by previously simulating the 
evolution of the system using the MAP model developed in Chapters 2-4 (see modelling 
MAP). The evolution of the O2 and CO2 concentrations in the headspace of each bag was 
followed by taking a gas sample of 5 cm3 through an adhesive septa on the package 
surface, which was analyzed with an electronic analyzer Oxybaby® 6i (Witt-Gasetechnik 
GmbH & Co. KG, Witten, Germany), previously calibrated with Gas Chromatography. A 
sample of 5 cm3 of air were introduced into the bag to replace the withdrawn one. 
Besides packed fruits (9 combinations of temperature and packaging), a group of fruits was 
stored at 17 °C without packaging to serve as a control. The fruits in the different packaging 
systems and the control fruits were compared with an analysis of variance (ANOVA) and 
evaluating the significant differences between mean of a number of response variables in 
the stored fruits at p ≤ 0.05 with a Tukey’s test. The response variables measured in the 
fruits during the storage time were weight loss, peel firmness to penetration, flesh color and 
content of citric, malic and oxalic acids. 
5.2.4 Simulation of gas evolution in the EMAP systems 
Prior to the packaging test, the evolution in the O2 and CO2 concentrations inside the 
package was simulated for each EMAP system. In this way, it was possible to define in 
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advance the approximate O2 and CO2 concentrations in the equilibrium time of the system 
as shown in Table 5.4 and it was possible to predict how fast the equilibrium gas levels 
were reached in each packaging headspace. For the simulation, the parameters of the MAP 
model were used to represent the gas exchange through the PP bags and the respiration 
of the feijoa fruits. As described in Chapters 2 and 3, the evolution of O2, CO2 and N2 in the 
packaging headspace during the storage time can be predicted by using the differential 
mass balance, which considers the gas exchange through the package walls and 






= KTRO2(yO2Out − yO2) + 
APQO2
L
(yO2Out − yO2) − rO2W− yO2
dV
dt






= KTRCO2(yCO2Out − yCO2) + 
APQCO2
L
(yCO2Out − yCO2) + rCO2W− yCO2
dV
dt






= KTRN2(yN2Out − yN2) + 
APQN2
L
(yN2Out − yN2) − yN2
dV
dt
   (2.12) 
 




= W(rCO2 − rO2) + ∑ ((yiOut − yi) (KTRi +
APQi
L
))3i=1   (2.14) 
 
Where i could be O2, CO2 or N2. 
The permeability of the packaging film to O2, CO2 and N2 is temperature-dependent and 
this dependence was described using an Arrhenius-type equation similar to Eq. 5.3 
(Mangaraj, et al., 2009; Techavises & Hikida, 2008). The mass transfer of each gas through 
the perforation (KTR) made in the packaging system was estimated using a modified Fick’s 
diffusion equation with a correction term due to the resistance to diffusion at the perforation 
(Castellanos et al., 2016; Chung, et al., 2003; Del-Valle, et al., 2003). 
The respiration rate of the packed product, O2 consumption (rO2) and the CO2 production 
(rCO2) rates were described using a Michaelis-Menten enzyme kinetics with uncompetitive 
type inhibition by CO2 as mentioned in Chapter 3. For the O2 consumption, the Eq. 1.8 is 
again used: 









   (1.8) 
 
To describe the CO2 production (rCO2) the Eq. 2.1 is used as described in Chapters 2 and 
3, with the corresponding rCO2max, KmCO2 and Kmu’CO2 values. Parameters for the O2 
consumption or CO2 production kinetics are dependent on temperature and this relationship 
is expressed through Arrhenius’ Law (Eq. 5.3). 
 
The equations for the simulation of the MAP system were solved numerically using the 
calculation routine built in the Matlab software (MathWorks, Inc., Natick, MA, USA) as 
described in previous Chapters. The evolution in the O2, CO2, and N2 levels in each 
packaging headspace was calculated with the different packaging conditions: in this case, 
the fruits with or without packaging, number of perforations in the PP bags and storage 
temperature. 
5.2.5 Fruit quality properties 
First, an index of deterioration was estimated for the stored fruits with a scale of 1 to 5 
based on the amount of decay and injury evidenced in the surface and flesh of the stored 
fruits, in a similar way to the estimation of Nguyen et al. (2004). For the index of 
deterioration, 1 denotes fruits without evidence of deterioration (affected area, AA = 0 %), 
2 very light deterioration (AA = 1-5 %), 3 moderate deterioration (AA = 5-15 %), 4 severe 
deterioration (AA = 15-30 %) and 5 very severe deterioration (AA > 30 %). When the fruits 
reached condition 4, they were withdrawn from the test. The index was reported as the 
average value of all the measured fruits and rounded as an integer. 
The fruit weight was measured using a PG503-S Mettler-Toledo scale (Ohio, USA), with an 





   (5.1) 
 
Where Wini is the initial weight and Wt is the fruit weight at day t. 
The firmness was measured at the middle region of each fruit (subjected to axial puncture) 
using a Universal Testing Machine with a 6 mm Magness-Taylor probe at a test speed of 2 
mm s-1. The firmness was taken as the maximum force (N) needed for the probe to 
penetrate the fruit to a depth of 10 mm.  
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The flesh color was measured using a Minolta ChromaMeter (Model CR-331, Minolta 
Camera Co., Osaka, Japan), and reporting the L*, a* and b* coordinates of the CIELAB 
color space. A standard illuminant, ‘Daylight 65’, was considered. Each measurement was 
taken by making a transverse cut in the middle of the fruits and recording the color in the 
central part of the cut section.  
The acid content was determined by extracting a sample of the fruits and analyzing it in a 
Thermo Dionex Ultimate 3000 UHPLC using the Chromeleon® 7.2 software, a LPG-
3400SD pump and a UV-Vis detector DAD 3000 (Waltham, MA, USA). The separation was 
carried out on a Hypersil gold column (150 mm x 4.6 mm, 5 µm). The detection was 
performed at 210 nm for all of the acids. The optimum efficiency of separation was obtained 
using 10 mM phosphate buffer, pH 2.2. Other chromatographic parameters included: 
injection volume, 0.02 cm3; column temperature, 35 °C and flow rate, 0.8 cm3 min-1. For 
extracting the samples, 5 g of fruit were diluted in 25 cm3 of type I water; the samples were 
put in Falcon® tubes and homogenized for 45 minutes on a Vortex Mixer. The homogenate 
was centrifuged at 2200g for 20 min. The supernatants were filtered through a 0.45 µm 
membrane filter (Iwaki Glass) before the HPLC analysis, and the mobile phase solvents 
were degassed before use. The samples were analyzed immediately upon completion of 
the extraction. The contents of citric, malic and oxalic acids were reported in g per kg of 
fruit (g kg-1). All the measurements were made in triplicate, reporting the mean values of 
each property. 
Total soluble solids (TSS) were measured only for the fruits in physiological maturity (initial 
day of storage) and ripe using an Atago® digital refractometer (Model PAL-1, Atago Co. Ltd, 
Tokyo, Japan) and expressed as percent. 
The experiments were conducted using randomized factorial experimental design being the 
factors the different EMAP configurations. The fruits in the different packaging systems and 
the control fruits were compared with an analysis of variance (ANOVA) and the significant 
differences between mean of the measured properties in the stored fruits were determined 
at p ≤ 0.05 with a Tukey’s HSD test. The SAS® software (version 9.2, SAS Institute, Cary, 
NC, USA) was used to perform the statistical analysis. 
After evaluating the experimental evolution of the fruits for the different EMAP systems, the 
changes in firmness and flesh color were modeled as a function of the O2 and CO2 
concentrations in the packaging headspace and the storage temperature. 
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5.2.6 Modelling firmness and color 
Firmness declines as ripening continues to a minimum level when produce senescence is 
reached. Firmness loss can be attributed to various factors, including disassembly of 
polysaccharide networks, pectin degradation, hydrolysis of starch, celluloses and 
hemicellulose in cellular walls and water loss by transpiration (Biswas, et al., 2014; Paliyath 
& Murr, 2008). During postharvest storage, some compounds are affected while others are 
not. Thus, firmness can be considered to have a fixed (Ffix) and a variable (Fvar) component: 
 
F = Ffix + Fvar   (1.23) 
 
The compounds that do not undergo degradation or that are broken down slowly, such as 
celluloses and hemicelluloses, contribute to the fixed firmness. The compounds that 
undergo degradation, such as pectins, or that are lost, such as moisture, contribute to the 
variable firmness (Biswas, et al., 2014). For this study, fruit firmness was represented as a 
function of storage time through a first order model of fractional conversion (Eq. 1.23), which 
has been used by several authors (Hertog, et al., 2004; Lana, et al., 2005; Tijskens & 
Schouten, 2009). In this model, a k parameter represents the influence of respiration and 
O2 and CO2 concentrations on the firmness loss rate. The change of k can be described 
using an integrated Michaelis-Menten kinetics as shown in Eq. 5.2 (Hertog, et al., 2004; 
Castellanos & Algecira, 2012). Furthermore, parameters for Eq. 5.3 are temperature-
dependent and this dependence can be represented by an Arrhenius relationship, as shown 
in Eq. 10 (Sila, et al., 2004). 
 
F = Ffix + (F0 − Ffix)e






















   (5.3) 
 
In Eq. 5.3, Pm is parameter dependent on T, Pmref is the parameter value to Tref, Ea is the 
activation energy and R is the gas constant. 
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Color change in fruits occurs when chlorophyll (Chl) is degraded by enzyme action and 
revealing carotenoids, such as lycopene and carotene, that are present in the peel or flesh 
(Hörtensteiner, 2006). In some fruits, there are other compounds developed in the ripening, 
such as anthocyanins, that are responsible for the color evolution (Paliyath & Murr, 2008). 
Several authors have represented the change in color of the product as a function of storage 
conditions. In these models, the color is usually represented using color spaces such as 
CIELAB or HunterLab, where there are three coordinates to define the color at a particular 
point of the product (Pathare, et al., 2013). In the CIELAB space, color is defined through 
the coordinates of lightness, L*, and chromaticity, a*, b*, and is presented in a three-
dimensional space. L* represents the lightness or clarity and is the vertical axis with values 
ranging between 100, for white, and zero, for black. The axes for a* and b* have no specific 
numeric limits. Positive values for a* represent red/magenta and negative values represent 
green. Similarly, positive values for b* represent yellow and negative values represent blue 
(Pathare, et al., 2013; Tijskens & Schouten, 2009). 
A number of equations have been proposed to represent individual change of the CIELAB 
coordinates L*, a* and b* in the flesh color of the packed feijoa fruits, considering models 
developed in previous studies (Chen & Ramaswamy, 2002; Castellanos & Algecira, 2012; 
Pathare, et al., 2013; Ren, et al., 2006). According with the experimental behavior described 
below, the evolution in lightness (L*) in the fruit flesh was described using a first-order 
model, as shown in Eq. 5.4, similar to the one used for firmness (Eq. 1.31), where L* is 
varying over time between an initial L0* value and an equilibrium Lfix* value that is the 
minimum that can be reached. The change of a* throughout the storage time (green/red) 
was represented using a zero-order equation (Eq. 5.5) with an initial a0* value (similar to 
Eq. 1.38). A modified kinetic model (Eq. 5.6) was used to represent the evolution in 




∗ )e−kt  (5.4) 
 
𝑎∗ = 𝑎0






2   (5.6) 
In Eqs. 5.4-5.6, k parameters represent the influence of the O2 and CO2 concentrations on 
the rate of change of each color coordinate. This dependence was represented using 
chemical kinetic equations, as shown in Eq. 5.7. 




b    (5.7) 
 
The temperature dependence in the change of k parameters, specifically kT parameters in 
Eq. 5.7, was described using the Arrhenius’ law (Eq. 5.3).  
5.2.7 Parameter estimation for the color and firmness models 
The equations of firmness and color (L*, a*, b*) were fitted to the experimental data 
measured in the various EMAP conditions and from this, the parameters of each model 
were estimated by regression to determine the combined influence of the O2 and CO2 
concentrations and the storage temperature. First, the k values in Eqs. 1.31 (firmness) and 
5.4-5.6 (color coordinates) were estimated by linear regression of these equations replacing 
the experimental measurements of each property at the different measurement times. 
Then, k values were obtained for each of the combinations of T and O2 and CO2 (Table 
5.2). To determine the dependence of the k values of each property with respect to the O2 
and CO2 levels in the packaging headspace, the respective parameters were estimated by 
linear regression of Eqs. 5.2 (firmness) and 5.7 (for each color coordinate). Finally, the 
dependence with respect of the storage temperature in the parameters of the Michaelis-
Menten kinetics for firmness and the kT values in chemical kinetics for the color coordinates 
were also obtained with the linear regression of the Arrhenius’ equation (Eq. 5.3), replacing 
the values of each parameter estimated at each temperature. That is, the komax, KmO2, and 
KmCO2 values in Eq. 5.2 and kT in Eq. 5.7. In Eq. 5.2 for firmness, rO2max corresponds to the 
maximum rate of O2 consumption and was estimated from Castellanos et al. (2016). In all 
of the linear regressions, a method of least squares was used to determine the different 
parameters. 
In order to determine the degree of fit of the model to the experimental data, the R2adj 
coefficients were calculated for each property. This allows for the comparison between non-
linear models and compensates for possible bias due to a different number of parameters 
(Spiess & Neumeyer, 2010). In this case, although the equations for the firmness and color 
models are linear, the complete model of the property is not linear. 
5.3 Results and discussion 
Table 5.1 shows the properties of physiological maturity (beginning of the storage period) 
and ripe feijoa fruits. During the ripening time, the produce weight, firmness to penetration, 
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content of organic acids and lightness (L*) decreased, and the soluble solids and color 
coordinates a* (green to red) and b* (blue to yellow) increased. These values were used 
subsequently for comparison purposes and as initial and equilibrium values in the firmness 
and color models. 
 
Table 5.1. Physico-chemical properties of the feijoa fruits 
Parameter Physiological maturitya Ripe fruits 
Weight per fruit (g) 58.61 ± 3.25 … 
Firmness (N) 76.60 ± 3.93 23.40 ± 4.08 
Color parameters (CIELAB) 
 
L* 79.94 ± 1.99 60.01 ± 3.11 
a* -2.93 ± 0.11 1.56 ± 0.34 
b* 12.46 ± 1.30 21.74 ± 1.72 
Total soluble solids (°Brix) 10.73 ± 0.43 12.53 ± 0.77 
Organic acids (g/kg) 
  
Citric 39.80 ± 6.47 13.65 ± 1.56 
Malic 1.55 ± 0.24 0.55 ± 0.18 
Oxalic 0.81 ± 0.18 0.39 ± 0.12 
a Day zero of storage.  
The standard deviation of each value is included. 
5.3.1 EMAP simulation 
From the simulations performed for the different EMAP configurations, it was decided to 
perform the packaging tests with perforated bags (1, 2 and 3 perforations) at 12 and 17 °C 
and with bags without perforations and with 1 and 2 perforations at 6 °C. Through the 
simulations, it was estimated that the equilibrium O2 and CO2 concentrations in each EMAP 
of the experimental design were different from each other to compare the individual effect 
of these levels of gases on the properties of the packed fruit. The experimental evolution of 
the O2 and CO2 levels in each EMAP system can be seen in Fig. 5.1 (symbols). In all of the 
PP bags, steady gas levels were reached between the 1st and 4th day of storage. Previous 
estimates done with the MAP model proved to be successful, as shown in Fig. 5.1 (lines), 
except for the unperforated PP bags at 6 °C, where the CO2 concentration was somewhat 
higher than expected, 5.60 % versus 4.01 % predicted by the model. The coefficients of 
determination (R2) obtained for the simulation with respect to the experimental data were 
0.93 and 0.86 for O2 and CO2, respectively. This is consistent with the results obtained in 
Castellanos et al. (2016). The deviation for CO2 in the PP bags without perforations can be 
164 Modelling change of quality-indicative properties of feijoa in MAP  
 
attributed to the fact that the O2 level remained close to 1 % resulting in the development 
of some anaerobic processes that are not taken into account in the Michaelis-Menten 
kinetics (Eq. 1.8) to describe respiration (Castellanos et al., 2016; Mangaraj & Goswami, 
2011). 
 
Table 5.2. Parameters of feijoa respiration and gas exchange in the PP bags used for the 
simulation of the O2 and CO2 evolution in the EMAP system 
Respiration parametersa rO2 (cm3 kg-1 d-1) rCO2 (cm3 kg-1 d-1) 
6 °C   
rmax (cm3 kg-1 d-1) 1452.76 1766.06 
Km 0.05 0.05 
KmuCO2 0.03 0.02 
12 °C   
rmax (cm3 kg-1 d-1) 2703.64 3054.53 
Km 0.09 0.08 
KmuCO2 0.05 0.05 
17 °C   
rmax (cm3 kg-1 d-1) 4448.58 4739.26 
Km 0.14 0.11 
KmuCO2 0.09  0.10 
Gas exchange parametersa O2 CO2 N2 
PP permeability coefficients, 
Q (cm3 mm m-2 d-1 atm-1) 
   
6 °C 31.89 192.08 29.31 
12 °C 48.70 227.91 42.90 
17 °C 68.44 261.42 61.53 
Transmission rates through 
the perforations, KTR (cm3 d-1) 
   
6 °C    
1 perf. 455.52 288.74 450.35 
2 perf. 680.43 427.93 672.72 
3 perf. 854.65 535.48 844.97 
12 °C    
1 perf. 473.20 300.22 467.83 
2 perf. 706.84 444.94 698.83 
3 perf. 887.82 556.76 877.77 
17 °C    
1 perf. 487.86 309.75 482.33 
2 perf. 728.75 459.06 720.50 
3 perf. 915.35 574.44 904.97 
a Estimated from Castellanos et al. (2016). 
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Figure 5.1. O2 and CO2 evolution inside the PP bags without perforations (■) and with one (●), two 
(♦) or three (▲) 0.225 mm perforations at 6, 12 and 17 °C for feijoa fruits. Lines represent predicted 
O2 and CO2 concentrations using the MAP model. 
5.3.2 Packaging tests 
With the simulation results, the feijoa fruits were packed in nine packaging combinations at 
the three evaluated temperatures, while others were left unpacked at 17 °C as control 
samples (Table 5.3). As mentioned before, in all of the bags, steady levels of O2 and CO2 
were reached plus a relative humidity of 100% as a few condensed water droplets were 
observed on the internal surface of the packages. 
5.3.3 Deterioration Index 
According to the evidence of deterioration, which gradually increased with storage time 
(Table 5.4), the fruits packed in different configurations were removed from the test after 
reaching condition 4 (significant deterioration). The fruits stored at 17 °C without packaging 
were removed after 17 days of storage, those packed at 17 °C at 28 days, those packed at 
12 °C at 33 days and the ones packed at 6 °C between 35 and 38 days after the start of 
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the storage. At 12 °C, the fruits packed in bags with one perforation had further 
deterioration, as compared to those packed with 2-3 perforations. At 17 °C, the evidence of 
deterioration was similar for all three combinations of packaging. For ‘Unique’ feijoa fruits, 
East et al. (2009) reported deterioration evidence at 4 °C and ca. 1 % of O2 and 0.1 % of 
CO2 after 6 weeks of storage, something similar to the fruits packed in bags without 
perforations but with a longer storage time. On the other hand, Galvis (2003) reported 
deterioration evidence at 6 °C and 6 % of O2 and 3.7 % of CO2 after 3 weeks; for the fruits 
packed in bags with one perforation (11 % of O2 and 7.8 % of CO2), a longer storage time 
(38 days) was obtained instead. 
 
Table 5.3. Experimental design and level of gases in each packaging system 
T (°C) Packaging External RH (%) Eq. yO2b Eq. yCO2b Internal RH (%) 
6 PP Baga 85±2 0.012 (0.90 kPa) 0.056 (4.18 kPa) 100 
6 Bag + 1 perf. 85±2 0.110 (8.21) 0.078 (5.82) 100 
6 Bag + 2 perf. 85±2 0.130 (9.71) 0.076 (5.67) 100 
12 Bag + 1 perf. 85±2 0.076 (5.67) 0.115 (8.59) 100 
12 Bag + 2 perf. 85±2 0.095 (7.09) 0.105 (7.84) 100 
12 Bag + 3 perf. 85±2 0.121 (9.03) 0.091 (6.79) 100 
17 Bag + 1 perf. 85±2 0.055 (4.11) 0.138 (10.30) 100 
17 Bag + 2 perf. 85±2 0.083 (6.20) 0.131 (9.78) 100 
17 Bag + 3 perf. 85±2 0.098 (7.32) 0.124 (9.26) 100 
17 No Packc 68±2 0.202 (15.08) 0.005 (0.37) … 
a PP bags without perforations and with one, two or three perforations of 0.225 mm.  
b Equilibrium O2 and CO2 concentrations in the packaging system (P = 74.7 kPa). 
c Control fruits. 
5.3.4 Weight loss 
The weight loss in the fruits stored without packaging at 17 °C was considerable, 6.82% for 
day 14, while that corresponding to the fruits packed in PP bags was significantly lower as 
shown at the top of Table 5.4. Temperature had the greatest effect on weight loss, being 
greater at 17 °C than at 12 °C and 6 °C. In addition, the O2 concentration in the EMAP 
influenced the weight loss in the packed fruits with lower values corresponding to fewer 
perforations (lower O2 levels). For bags without perforations at 6 °C, the weight loss was 
0.64% on day 35, followed by 1.64% for bags with one perforation, while the fruits packed 
in bags with three perforations at 17 °C lost 4.08% of their initial weight after 28 days of 
storage. This loss occurs mainly via transpiration, which in turn is influenced by the 
difference of partial pressures of water between the surface of the fruit and the headspace 
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surrounding it, and its metabolic processes of respiration and the breaking down of 
substrates (East, et al., 2009; Sousa-Gallagher et al., 2013).  
 
Table 5.4. Weight loss, firmness and deterioration index of the feijoa fruits during the storage time 
in the EMAP systems. 
Parameter EMAP Day 0 Day 14 Day 21 Day 28 Day 35 
Weight loss 
(%) 
6 °C, bag + no perf. .. 0.35 ± 0.06a 0.42 ± 0.06ab 0.57 ± 0.03bc 0.64 ± 0.06c 
6 °C, bag + 1 perf. .. 0.67 ± 0.08c 0.90 ± 0.06d 1.32 ± 0.08fg 1.64 ± 0.11hi 
 6 °C, bag + 2 perf. .. 0.67 ± 0.04c 1.00 ± 0.12de 1.41 ± 0.13g 1.81 ± 0.08ij 
 12 °C, bag + 1 perf. .. 1.16 ± 0.14ef 1.78 ± 0.04ij 2.29 ± 0.11l .. 
 12 °C, bag + 2 perf. .. 1.35 ± 0.09fg 1.95 ± 0.09jk 2.59 ± 0.12mn .. 
 12 °C, bag + 3 perf. .. 1.46 ± 0.04gh 2.12 ± 0.09kl 2.76 ± 0.08no .. 
 17 °C, bag + 1 perf. .. 1.67 ± 0.12i 2.48 ± 0.19m 3.19 ± 0.15p .. 
 17 °C, bag + 2 perf. .. 1.71 ± 0.20i 2.67 ± 0.06mn 3.67 ± 0.15q .. 
 17 °C, bag + 3 perf. .. 1.81 ± 0.24ij 2.89 ± 0.19o 4.08 ± 0.21r .. 
 17 °C, No pack .. 9.82 ± 0.15s .. .. .. 
Firmness 
(N) 
6 °C, bag + no perf. 76.60 ± 3.93a 47.80 ± 2.33b 41.30 ± 2.98cd 31.40 ± 3.96gh 23.53 ± 2.42kl  
6 °C, bag + 1 perf. " 41.50 ± 4.97c 31.40 ± 3.03gh 22.34 ± 2.55lm  20.43 ± 3.35lmno 
 6 °C, bag + 2 perf. " 38.30 ± 2.66de 28.40 ± 4.00hij 21.65 ± 2.95lmo  19.97 ± 3.79mnop 
 12 °C, bag + 1 perf. " 36.67 ± 1.81bef 25.55 ± 4.17jk 18.81 ± 1.56nopq .. 
 12 °C, bag + 2 perf. " 34.20 ± 3.39fg 20.53 ± 4.83lmno 16.60 ± 1.28qr .. 
 12 °C, bag + 3 perf. " 30.77 ± 3.85hi 21.21 ± 4.55lm 15.77 ± 2.15qr .. 
 17 °C, bag + 1 perf. " 34.09 ± 3.31fg 25.50 ± 2.93jk 20.48 ± 3.83lmno .. 
 17 °C, bag + 2 perf. " 30.10 ± 4.82hi 21.49 ± 2.48lmno 16.90 ± 3.42pqr .. 
 17 °C, bag + 3 perf. " 28.00 ± 4.36ij 18.42 ± 0.78opqr 15.39 ± 1.62r .. 
 17 °C, No pack " 19.86 ± 2.81mnop .. .. .. 
Deterioration 6 °C, bag + no perf. 1 1 2 2 3 
Indexa 6 °C, bag + 1 perf. " 1 1 1 2 
 6 °C, bag + 2 perf. " 1 1 1 2 
 12 °C, bag + 1 perf. " 1 1 3 .. 
 12 °C, bag + 2 perf. " 2 2 2 .. 
 12 °C, bag + 3 perf. " 1 1 2 .. 
 17 °C, bag + 1 perf. " 1 2 4 .. 
 17 °C, bag + 2 perf. " 1 3 3 .. 
 17 °C, bag + 3 perf. " 1 2 4 .. 
 17 °C, No pack " 2 .. .. .. 
Means with different letters across each column and row are significantly different at P≤ 0.05 by 
the Tukey’s HSD test. The standard deviation (SD) is included. 
a 1 = no deterioration evidence, 2 = very light deterioration, 3 = moderate deterioration, 4 = 
considerable deterioration. 
For the fruits without packaging, the transpiration was greater due to the higher constant 
difference between the partial pressure of water in the fruits and in the storage chamber 
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(68% RH). For the packed fruits, the difference between the partial pressure of water and 
the headspace (initially 85% RH) was lower and it became even smaller when the 
headspace was saturated (small drops of condensed water were observed in the internal 
package walls) after 1-3 days of storage for all the EMAP. The difference in weight loss for 
the different EMAP systems was in the elapsed time for the headspace saturation, which 
was higher for the packages with more perforations (more mass transfer area) and at higher 
temperatures as a result of the higher exchange rates of water vapor towards the outside 
(Sousa-Gallagher et al., 2013; Techavises & Hikida, 2008).  
5.3.5 Firmness 
The fruit firmness decreased significantly for all the packaging systems throughout the 
storage time; from 76.6 N on day zero to 15.39 N on day 28 for the fruits packed in bags 
with three perforations at 17 °C, as shown in Table 5.4. Also, on day 14, there was a 
significant difference between the fruits stored without packaging (19.86 N) and those 
packed in different EMAP combinations (47.80-28.00 N). 
As with the weight loss, temperature had a significant effect on the loss of firmness of the 
fruits, as can be seen by comparing the packaging systems with the same number of 
perforations at different storage temperatures on each measurement day. At higher 
temperatures, the firmness loss was higher. At the same temperature, the fruits packed 
with a higher O2 level had greater firmness loss, as shown in Table 5.4. The combined 
effect of temperature and level of gases was more relevant for the firmness than for the 
weight loss. In the case of weight, there were significant differences between the fruits 
packed at different temperatures and different number of perforations (e.g. 6 °C and 3 
perforations and on the other hand 12 °C and 1 perforation), whereas, in the case of 
firmness, this difference was not significant although higher firmness values were measured 
at the lower temperature. At a lower temperature, the rate of degradation of structural 
compounds in the cell wall, such as pectins and hemi-celluloses, and the water retention 
capacity become lower and, therefore, the loss of firmness becomes lower in turn (Biswas, 
et al., 2014; Paliyath & Murr, 2008; Parra & Fischer, 2014). Likewise, in the metabolic 
oxidation reactions of substrates, the reduced availability of O2 slows down these 
processes, delaying the firmness loss (Gwanpua, et al., 2012; Hertog, et al., 2004). By day 
21, the fruits packed at 12 and 17 °C with 2 and 3 perforations had reached the firmness 
corresponding to the ripeness stage (23.80 N). By day 28, the ripeness firmness was 
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reached in all of the EMAP systems, except the samples packed at 6 °C without perforations 
(31.40 N), coming close the fruits packed at 6 °C and 1 perforation (22.34 N). 
5.3.6 Color 
It was decided to measure the change in color of the fruit flesh because the peel maintains 
a green hue independent of its degree of ripeness. The color coordinates of the fruit flesh 
significantly changed relative to the initial day measurements as shown in Table 5.5. Flesh 
lightness L* decreased in all cases, while the coordinate a* values increased from green (-
) to red (+), as shown in Table 5.5 and Figures 5.3 and 5.4, L* from 79.94 to 58.48 and a* 
from -2.93 to 4.67. With respect to b*, it increased to approximately the value corresponding 
to ripe fruits (21-22) and then progressively decreased from 12.46 to 18.60, with a maximum 
value of 22.98 for fruits packed at 17 °C and 1 perforation. On day 14, the  L* and a* values 
for the fruits stored at 17 °C without packaging were significantly different with respect to 
the packed fruits, while for b*, the measured values were higher for the fruits without 
packaging than for the packed fruits. However, this difference was not significant with 
respect to the samples packed at 17 °C with 2 and 3 perforations although, as shown in 
Figure 5.5, the measured values of b* reached those corresponding to ripe fruits and were 
already decreasing. 
As with firmness, the greatest changes occurred at the higher storage temperatures, and 
higher O2 and lower CO2 concentrations (more perforations or no packaging). Nonetheless, 
the combined effect of temperature and level of gases in the headspace was more apparent 
for L* and a* than for b*, with closer values for the latter by day 28 of storage. By day 21, 
the fruits packed at 17 °C with three perforations reached the color coordinates of the 
ripeness stage, as shown in Table 3. By day 28, the fruits at 12 and 17 °C reached the 
ripeness color coordinates, except the samples packed in bags with 1 perforation, while at 
6 °C, only the packaging systems with 3 perforations were close to these values (L* = 60.97, 
a* = 2.53 and b* = 20.91). After 35 days of storage, only the fruits in bags without 
perforations at 6 °C had not reached the ripeness values. This evolution in color is caused, 
as with the other properties, by differences in temperature and concentration of gases in 
the headspace. A higher storage temperature results in a higher rate of degradation of 
chlorophylls by action of three Chl catabolic enzymes: chlorophyllase, phe+ophorbidea 
oxygenase (PAO) and red Chl catabolite reductase (RCCR), leading to higher values of a* 
and b*, and a greater rate of synthesis of carotenoids and anthocyanins, leading to lower 
L* values and higher values of a* and b*. The same occurs when fruits are exposed to 
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higher O2 concentrations, which allows oxidation reactions, ending in color loss and flesh 
browning (Alam & Goyal, 2006; Hörtensteiner, 2006; Pathare, et al., 2013).  
 
Table 5.5. Flesh color (L*, a* and b* coordinates) of the feijoa fruits during the storage time in the 
EMAP systems. 
Parameter EMAP Day 0 Day 14 Day 21 Day 28 Day 35 
Ligthness 
(L*) 
6 °C, bag + no perf. 79.94 ± 1.99a 72.81 ± 1.57b 68.99 ± 2.45cde 66.85 ± 1.95ghi 63.17 ± 2.02lmn 
6 °C, bag + 1 perf. " 70.21 ± 1.18c 66.77 ± 1.03ghi 62.13 ± 1.35nop 59.16 ± 1.82rs 
 6 °C, bag + 2 perf. " 68.46 ± 1.84def 65.31 ± 1.39ijk 60.97 ± 1.17pq 57.36 ± 1.94tuv 
 12 °C, bag + 1 perf. " 70.39 ± 1.87c 66.16 ± 1.49ghij 62.70 ± 1.61mno .. 
 12 °C, bag + 2 perf. " 67.60 ± 1.84efg 62.07 ± 1.37nop 58.73 ± 2.04rst .. 
 12 °C, bag + 3 perf. " 65.82 ± 0.75hij 61.59 ± 1.69nopq  56.15 ± 1.64uv .. 
 17 °C, bag + 1 perf. " 69.26 ± 0.89cd 64.58 ± 2.25jkl 60.06 ± 1.93qr .. 
 17 °C, bag + 2 perf. " 67.31 ± 1.01fgh 61.45 ± 3.7opq 56.07 ± 2.61vw .. 
 17 °C, bag + 3 perf. " 64.20 ± 1.90klm 57.75 ± 1.67stu 54.48 ± 2.15w .. 
 17 °C, No pack " 55.87 ± 1.19vw .. .. .. 
Red/green 
(a*) 
6 °C, bag + no perf. -2.93 ± 0.11a -1.19 ± 0.51b -0.48 ± 0.31cd 0.79 ± 0.40ij 1.63 ± 0.41lm 
6 °C, bag + 1 perf. " -0.42 ± 0.50cd 0.62 ± 0.28ghi 1.94 ± 0.23mn 2.97 ± 0.32pq 
 6 °C, bag + 2 perf. " -0.28 ± 0.16de 0.97 ± 0.58ij 2.53 ± 0.62o 3.69 ± 0.24r 
 12 °C, bag + 1 perf. " -0.55 ± 0.40c 0.67 ± 0.26hi 1.92 ± 0.35mn .. 
 12 °C, bag + 2 perf. " 0.15 ± 0.41ef 1.48 ± 0.40kl 3.29 ± 0.39q .. 
 12 °C, bag + 3 perf. " 0.27 ± 0.19fg 2.11 ± 0.27n 3.69 ± 0.22r .. 
 17 °C, bag + 1 perf. " -0.42 ± 0.12cd 1.11 ± 0.42jk 2.60 ± 0.34op .. 
 17 °C, bag + 2 perf. " 0.30 ± 0.78fgh 2.09 ± 0.63n 3.98 ± 0.59rs .. 
 17 °C, bag + 3 perf. " 0.71 ± 0.53i 2.85 ± 0.49op 4.67 ± 0.31t .. 
 17 °C, No pack " 4.08 ± 0.49s .. .. .. 
Yellow/blue 
(b*) 
6 °C, bag + no perf. 12.46 ± 1.30a 15.38 ± 0.62b 17.01 ± 0.63d 18.95 ± 0.62ghi 20.43 ± 1.10kl 
6 °C, bag + 1 perf. " 16.14 ± 0.47bc 18.08 ± 1.20ef 20.51 ± 1.03lm 21.65 ± 0.86pqr 
 6 °C, bag + 2 perf. " 16.71 ± 1.05cd 18.43 ± 1.04fg 21.33 ± 1.29nopq 22.34 ± 1.05rst 
 12 °C, bag + 1 perf. " 18.45 ± 0.96fg 21.60 ± 0.90opqr 22.90 ± 0.47t .. 
 12 °C, bag + 2 perf. " 18.90 ± 0.37gh 22.01 ± 0.69qrs 22.10 ± 0.46qrs .. 
 12 °C, bag + 3 perf. " 19.70 ± 0.94ijk 22.50 ± 0.75st 21.68 ± 0.47pqr .. 
 17 °C, bag + 1 perf. " 20.13 ± 1.14jk 22.98 ± 0.66t 20.91 ± 1.16lmnop .. 
 17 °C, bag + 2 perf. " 20.82 ± 0.49lmno 21.99 ± 0.51qrs 19.38 ± 0.53hij .. 
 17 °C, bag + 3 perf. " 21.11 ± 0.80mnop 20.73 ± 0.96lmn 18.60 ± 1.06fgh .. 
 17 °C, No pack " 21.37 ± 1.21nopq .. .. .. 
Means with different letters across each column and row are significantly different at P≤ 0.05 by 
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Table 5.6. Content of Oxalic, Citric and Malic acids in the feijoa fruits during the storage time in the 
EMAP systems. 
Parameter EMAP Day 0 Day 14 Day 21 Day 28 Day 35 
Oxalic acid 
(g kg-1) 
6 °C, bag + no perf. 0.81 ± 0.18a 0.57 ± 0.06b 0.49 ± 0.06de 0.42 ± 0.01ghi 0.40 ± 0.03hijkl 
6 °C, bag + 1 perf. " 0.55 ± 0.01bc 0.43 ± 0.07ghi 0.35 ± 0.05jklmn 0.34 ± 0.03mnno 
 6 °C, bag + 2 perf. " 0.54 ± 0.07bc 0.42 ± 0.04ghi 0.34 ± 0.05lmno 0.32 ± 0.02no 
 12 °C, bag + 1 perf. " 0.50 ± 0.03cd 0.43 ± 0.03fghi 0.39 ± 0.01ijklm .. 
 12 °C, bag + 2 perf. " 0.49 ± 0.03de 0.41 ± 0.02ghi 0.35 ± 0.02klmn .. 
 12 °C, bag + 3 perf. " 0.48 ± 0.07de 0.40 ± 0.07hij 0.33 ± 0.04no .. 
 17 °C, bag + 1 perf. " 0.51 ± 0.12cd 0.45 ± 0.05efg 0.40 ± 0.05hijk .. 
 17 °C, bag + 2 perf. " 0.45 ± 0.08efgh 0.41 ± 0.02ghi 0.35 ± 0.05klmn .. 
 17 °C, bag + 3 perf. " 0.41 ± 0.08ghi 0.33 ± 0.07no 0.30 ± 0.03o .. 
 17 °C, No pack " 0.42 ± 0.10ghi .. .. .. 
Citric acid 
(g kg-1) 
6 °C, bag + no perf. 39.80 ± 2.49a 20.44 ± 1.72b 19.60 ± 2.29bc 15.33 ± 1.67fgh 13.18 ± 1.91ij 
6 °C, bag + 1 perf. " 17.67 ± 2.15de 16.59 ± 2.11ef 13.07 ± 0.90ij 11.78 ± 1.68jklmn 
 6 °C, bag + 2 perf. " 18.41 ± 1.37cd 15.11 ± 1.22gh 12.02 ± 0.91jklmn 10.12 ± 0.73op 
 12 °C, bag + 1 perf. " 17.57 ± 0.49de 15.18 ± 0.69fgh 11.00 ± 1.00no .. 
 12 °C, bag + 2 perf. " 15.18 ± 1.57fgh 12.53 ± 2.03ijklm 9.36 ± 0.71pq .. 
 12 °C, bag + 3 perf. " 13.49 ± 1.84i 11.23 ± 0.77mno 8.22 ± 0.66q .. 
 17 °C, bag + 1 perf. " 18.90 ± 1.98cd 15.79 ± 1.56fg 12.93 ± 2.01ijk .. 
 17 °C, bag + 2 perf. " 17.72 ± 1.43de 12.67 ± 2.24ijkl 11.34 ± 2.65lmno .. 
 17 °C, bag + 3 perf. " 13.95 ± 1.48hi 11.53 ± 1.43klmno 8.84 ± 0.66pq .. 
 17 °C, No pack " 13.56 ± 1.67i .. .. .. 
Malic acid 
(g kg-1) 
6 °C, bag + no perf. 1.55 ± 0.12a 0.97 ± 0.06b 0.78 ± 0.08d 0.60 ± 0.03fg 0.56 ± 0.09gh 
6 °C, bag + 1 perf. " 0.99 ± 0.10b 0.73 ± 0.16de 0.54 ± 0.03hij 0.44 ± 0.04mn 
 6 °C, bag + 2 perf. " 0.87 ± 0.04c 0.62 ± 0.16f 0.46 ± 0.02klm 0.42 ± 0.05mn 
 12 °C, bag + 1 perf. " 0.69 ± 0.06e 0.56 ± 0.06ghi 0.45 ± 0.05lmn .. 
 12 °C, bag + 2 perf. " 0.53 ± 0.06hij 0.40 ± 0.04no 0.34 ± 0.02pqr .. 
 12 °C, bag + 3 perf. " 0.53 ± 0.02hij 0.35 ± 0.02opq 0.28 ± 0.02s .. 
 17 °C, bag + 1 perf. " 0.52 ± 0.07hijk 0.40 ± 0.03nop 0.32 ± 0.03qrs .. 
 17 °C, bag + 2 perf. " 0.50 ± 0.04ijkl 0.36 ± 0.03opq 0.29 ± 0.02rs .. 
 17 °C, bag + 3 perf. " 0.49 ± 0.05jkl 0.34 ± 0.03pqr 0.26 ± 0.03s .. 
 17 °C, No pack " 0.42 ± 0.08mn .. .. .. 
Means with different letters across each column and row are significantly different at P≤ 0.05 by 
the Tukey’s HSD test. SD included. 
5.3.7 Organic acids 
From the data obtained for the feijoa fruits, malic acid is the most abundant organic acid, 
followed by malic and oxalic, as reported in other studies (Galvis, 2003; Parra & Fischer, 
2014). The concentration of organic acids measured for the different packed fruits 
decreased with storage time and, as with the other properties, was significantly different 
compared to the day zero values, as shown in Table 5.6. For the malic acid, the measured 
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values were lower and significantly different between the fruits without packaging and the 
packed fruits on day 14, while for citric and oxalic acids, the concentrations were lower for 
the samples without packaging, but only significantly different from the fruits stored at 12 
and 6 °C. In this case, the storage temperature was also responsible for the greatest effect 
on decreasing the concentration of acids, followed by the gas levels. The smaller decrease 
in acid concentration was observed for the fruits stored at 6 °C without packaging and with 
one perforation, while the highest decrease, besides the fruits without packaging, was for 
samples packed at 17 °C with three perforations. In the fresh produce, organic acids 
accumulate during growth and are then used as substrates in respiration processes and 
energy production during ripening (Parra & Fischer, 2014; Selcuk & Erkan, 2015). By 
increasing the temperature and the O2 concentration in the headspace, these oxidation 
reactions occur faster in the same way as reactions leading to changes in other properties 
of the fruits (Banda, et al., 2015; Selcuk & Erkan, 2015). 
5.3.8 Most suitable EMAP system 
According to the evolution of the evaluated properties and the rate of deterioration for the 
different EMAP systems, the bags with two perforations at 6 °C allowed the longest 
preservation time and greatest delay in the maturation process. For this EMAP, the ripeness 
stage was reached after 25 and 28 days of storage and the fruits could be kept for more 
than 35 days considering the evidence of deterioration. The fruits stored at 6 °C with three 
perforations were also kept for longer than 35 days, but there was a greater change in their 
properties with respect to the fruits packed with two perforations, and the coordinates L* 
and a* were significantly different between the two EMAP systems at day 35. In the bags 
without perforations, the fruits reached condition 3 of deterioration by day 35 due to the low 
O2 concentration in the packaging headspace. As for the other temperatures, the fruits 
packed at 12 °C with two and three perforations were properly preserved after 31 days of 
storage although with greater changes in their properties with respect to the EMAP 
combinations mentioned above. The fruits packed at 6 °C with one perforation (at  11 % of 
O2 and 7.8 % of CO2) could be maintained for a period roughly two times longer with respect 
to the fruits stored at room conditions. Al-Harthy et al. (2009) and East et al. (2009) for their 
part, obtained a preservation approximately three times as long respecting the room 
conditions, storing the produce at 4-5 °C and 0-2 % of O2 and 0-1 % of CO2 for cultivars 
‘Unique’ and ‘Opal Star’. However, these cultivars from New Zealand seem to have greater 
tolerance to chilling injury and very low concentrations of O2 with respect to those used in 
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this study, which begin to experience deterioration at temperatures below 6 °C (Parra & 
Fischer, 2014) and as observed in the experiments at O2 concentrations close to 1 %. 
5.3.9 Modelling firmness and color 
According to the experimental behavior, a first-order model with fractional conversion (Eq. 
1.31) was used to represent the evolution in the fruit firmness, in similar way to that reported 
by Schouten et al. (2007) for tomato. As mentioned before, in the Eq. 1.31 the parameter k 
represents the rate of firmness loss due to the O2 and CO2 concentrations and temperature. 
The dependence of k, the rate of firmness loss, on the level of gases was represented using 
a Michaelis-Menten kinetics where the maximum rate of O2 consumption by the fruit rO2max 
was included. By increasing the O2 concentration available in the headspace, the rate of 
firmness loss was higher, as shown in Figure 5.2 at each test temperature. In addition, an 
increase in CO2 concentration delays the firmness loss. The influence of the storage 
temperature was included in the parameters of Eq. 5.2 using Arrhenius’ Law. The 
relationship between the temperature and firmness loss was direct, increasing the former 
by increasing the second, as can be seen by comparing the sub-plots in Figure 5.2 for the 
three storage temperatures. This behavior is similar to that reported by Castellanos & 
Algecira (2012) for banana, Hertog, et al. (2003) for avocado and Hertog, et al., (2004) for 
kiwi fruits. The parameters of the model of firmness are in Table 5.7 (top). The adjusted 
regression coefficient, R2adj, for the model of firmness was equal to 0.948, showing a good 
degree of fit with respect to the experimental behavior, as shown in Figure 5.2. For the bags 
without perforations at 6 °C, the values estimated by the model are far from those 
experimentally obtained because the low O2 concentration in the headspace led to 
anaerobic degradation processes that were not considered in Eq. 5.2. In this case, to 
complement Eq. 5.2, a term corresponding to anaerobic respiration should be included 
(Hertog, et al., 2004) although it should be noted from which O2 levels these processes 
begin to be relevant.  
Decrease of lightness in the fruit flesh as a function of storage time was represented also 
by using a first-order model with fractional conversion (Eq. 5.4) according to the 
experimental behavior  shown in Figure 5.3 for the several EMAP systems. This behavior 
is similar to that reported by Salinas-Hernández et al. (2015) for fresh-cut mango. The k 
parameter of lightness loss was linked to the O2 and CO2 concentrations through an 
equation of chemical kinetics (Eq. 5.7), while the temperature-influence was represented in 
the kT parameter of lightness loss due to the storage temperature, using Arrhenius’ Law. 
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Figure 5.2. Evolution of the firmness in the feijoa fruits stored without packaging (-) and packed in 
PP bags without perforations (■) and with one (●), two (♦) or three (▲) 0.225 mm perforations at 6, 
12 and 17 °C. Lines represent firmness values predicted by the model. Bars represent SD. 
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Figure 5.3. Evolution of the flesh lightness (L*) in the feijoa fruits stored without packaging (-) and 
packed in PP bags without perforations (■) and with one (●), two (♦) or three (▲) 0.225 mm 
perforations at 6, 12 and 17 °C. Lines represent L* values predicted by the model. Bars represent 
SD. 
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Figure 5.4. Evolution of flesh color (a* coordinate) in the feijoa fruits stored without packaging (-) 
and packed in PP bags without perforations (■) and with one (●), two (♦) or three (▲) 0.225 mm 
perforations at 6, 12 and 17 °C. Lines represent a* values predicted by the model. Bars represent 
SD. 
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Figure 5.5. Evolution of flesh color (b* coordinate) in the feijoa fruits stored without packaging (-) 
and packed in PP bags without perforations (■) and with one (●), two (♦) or three (▲) 0.225 mm 
perforations at 6, 12 and 17 °C. Lines represent b* values predicted by the model. Bars represent 
SD. 
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The model parameters shown in Table 5.7, similar to those for firmness, by increasing the 
storage temperature and the O2 concentration in the headspace, the rate of decrease in 
L*values became greater, as can be seen in Figure 5.3. As for the CO2, the estimated 
apparent reaction order (-0.05) indicates that, by increasing the CO2 concentration, the rate 
of lighness decreases although this effect is not so relevant. For L*, the R2adj was equal to 
0.947, indicating a good degree of fit of the model with respect to the experimental results 
as can be seen in Figure  5.3. Similar to the firmness, at the lowest O2 concentration, the 
behavior estimated by the model deviated from what was measured experimentally. This 
as explained above could be consequence of the low O2 level and anaerobic processes, 
which were not considered in the lightness change (Eqs. 5.4 and 5.7). 
 
Table 5.7. Parameters for the calculation of the evolution in firmness and flesh color of feijoa fruits 
as a function of O2 and CO2 concentrations, temperature and storage time in the EMAP system 
Firmness (Eq. 1.31) 
Fo (N) 76.60 ± 3.93 
Ffix (N) 4.68 ± 1.11 
k parameters (Eqs. 
5.2 and 5.3) 
rO2max (cm3 kg-1 d-1)b kOmax (kg cm-3) kmO2 kmuCO2 
Pref a 7.91 ± 0.35 x 103 1.50 ± 0.12 x 10-5 3.17 ± 0.25  x 10-2 0.19 ± 0.02 




Lightness, L* (Eq. 5.4) Red/green, a* (Eq. 5.5) Yellow/blue, b* (Eq. 5.6) 
C0 79.94 ± 1.99 -2.93 ± 0.11 12.46 ± 1.30 
Cfix 30.74 ± 2.69 … … 
O2 and CO2 
dependence (Eq. 
5.7) 
k (d-1) k1 k2 (d-1) k3 (d-2) 
a 0.56 ± 0.02 0.65 ± 0.09 -0.16 ± 0.02 0.34 ± 0.02 0.73 ± 0.06 





Pref a 0.13 ± 0.01 1.93 ± 0.17 1.79 ± 0.08 -0.90 ± 0.04 0.13 ± 0.01 
Ea (kJ mol-1) 43.93 ± 1.87 45.77 ± 3.75 -38.81 ± 1.79 28.62 ± 1.32 79.28 ± 3.66 
R2adj 0.947 0.942 0.949 
a Reference parameters (Pref) at T = 23 °C (296.15 K). 
b Taken from Castellanos et al. (2016). rO2max = 9.60 ± 0.42 x 1015 cm3 kg-1 d-1 at T = ∞. 
The standard deviation (SD) is included. 
 
From the experimental evolution shown in Figure 5.4, it was observed that a* followed a 
linear behavior, increasing with time for all of the EMAP combinations. For this reason, a 
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zero-order model depending storage time was adjusted to the experimental data. This 
model was used in other studies with banana where the k parameter is dependent on the 
concentration of gases and T (Castellanos & Algecira, 2012; Chen & Ramaswamy, 2002). 
As for L*, the k parameter of change in a* was related to the O2 and CO2 concentrations 
through an equation of chemical kinetics (Eq. 5.7), while the influence of the temperature 
was represented in the kT parameter using the Arrhenius equation. As discussed above, 
the rate of change of a* is greater at higher T and O2 levels and lower CO2 levels in the 
headspace. The latter can be seen in the positive value of the reaction order in Eq. 5.7 for 
O2 and the negative order for CO2 (Table 5.7). In addition, the reaction order for CO2 equal 
to -0.02 indicates that it had little effect on the total change of a*. For this coordinate, the 
R2adj value was 0.942, indicating a satisfactory degree of fit of the model to the experimental 
results, as shown in Figure 5.4. For the fruits in unperforated bags at 6 °C, the model 
deviated again from the experimental behavior. 
 
Figure 5.6. Residuals versus predicted values of firmness, L*, a* and b*. 
 
The change of b* did not fit a zero-order or first-order model, as shown in Figure 5.5. 
According to the experimental behavior, there was an increase of b* to a maximum, close 
to the ripeness value and then a gradual decrease, so a modified enzyme kinetics were 
proposed to represent these changes (Eq. 5.6). This type of equation is similar to the 
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Michaelis-Menten kinetics except that, in this case, the term corresponding to the anti-
competitive inhibition incorporates the square of the time, indicating that, after a certain 
storage period, the value of b* begins to fall. The k1, k2 and k3 parameters were adjusted in 
the same way as the L* and a* parameters to chemical kinetics and then to the Arrhenius 
equation. The adjusted model satisfactorily represented the evolution of b* except as the 
other properties, the behavior for the bags without perforations at 6 °C, as shown in Figure 
5.5. For this coordinate, a R2adj value of 0.949 was obtained, indicating the goodness of the 
fit with respect to the experimental data for the O2 levels greater than 1%. The proximity of 
R2adj to one indicates that, in general, the variables associated in the model (time, 
temperature, and level of O2 and CO2) explained the behavior of b* in the fruit flesh in the 
same way as with firmness, L* and a*. 
 
Figure 5.7. Experimental versus predicted values of firmness, L*, a* and b*. 
 
The plot of residuals as a function of each predicted property shows the random patterns 
in all of the cases (Figure 5.6). In addition, the plot of experimental versus predicted values 
for each property (Figure 5.7) follows a linear behavior indicating the good fit obtained. 
Therefore, it is possible to confirm that the equations used and the estimated parameters 
are appropriate to adequately describe the evolution of firmness and color coordinates in 
packed fruits. The models can adequately describe the behavior of firmness and color 
coordinates at O2 concentrations in the headspace of at least 4.1 kPa (PP bags with one 
Castellanos, D.A. 181 
 
perforation at 6 °C), but when these levels decrease to values of about 1 kPa or less, the 
results estimated by the models deviated from the actual behavior. However, in practice, it 
is not expected to reach such a low O2 level since it is not suitable for preserving fresh 
produce and, as can be seen for feijoa in this case, it ends up inducing deterioration as 
compared to higher equilibrium concentrations at the same temperature. Therefore, the 
models can be employed under aerobic storage conditions (>3-4 kPa of O2). 
 
The models developed for this study can be used to determine the shelf-life of a fresh 
produce stored at defined EMAP conditions. By knowing the values of firmness and color 
of the ripeness stage, it is possible to predict the time required to reach these values in the 
EMAP system. This will allow producers and distributors to improve their logistics, avoiding 
undesired losses by inadequate timing. 
5.4 Conclusions 
Storing the feijoa fruits in EMAP significantly delayed the rate of deterioration, as compared 
to the fruits stored without packaging. Among the evaluated EMAP systems, the fruits 
packed in perforated PP bags at 6 °C and with equilibrium gas levels in the headspace of 
11 % kPa of O2 and 7.8 % kPa of CO2 showed the lowest deterioration and rate of change 
in their quality properties, with a total storage time of 38 days. The data obtained for the 
different EMAP configurations in this study enable a working range of temperature and gas 
concentrations for better preservation of these fruits in modified atmospheres. 
It was possible to adequately represent the change in firmness and flesh color of the feijoa 
fruits stored in EMAP using suitable mathematical models for each property. The developed 
models can trace the evolution of firmness and color coordinates L*, a* and b* as a function 
of storage temperature and O2 and CO2 concentrations in the EMAP headspace at O2 levels 
of at least 4 kPa (5.3 %). These models can be used in future research to estimate in 
advance the shelf-life of feijoa fruits under different conditions of temperature and 
packaging and can be used as a basis for estimating similar models for other fresh produce.  
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General conclusions and future research 
This study was aimed to develop mathematical models to represent the change of three 
quality-indicative properties: weight, firmness and color, depending on the concentrations 
of O2 and CO2 and temperature in a MAP system for feijoa fruits, and by using these 
models, it was aimed to find MAP conditions suitable for the preservation of the fruits. In 
pursuit of this objective, a review of the state of the art about the available mathematical 
models to represent these properties as a function of storage conditions was done in first 
place, presenting the most relevant studies on this subject. From the literature review 
conducted for Chapter 1, helpful information was obtained about the representation of 
changes of firmness and color, as well as models to describe the processes of respiration 
and transpiration since the latter are closely related to the change of gas concentrations in 
the packing system and the change in weight of the packed product.  
 
In the MAP system, the concentration of O2 and CO2 in the headspace depends on the 
interaction between the respiration of the packed product and the exchange of these gases 
through the packaging system, so it is first necessary to know the rate of development of 
these processes in order to determine the evolution of the system. For this reason in 
Chapter 2, the necessary equations were proposed to represent the processes inducing 
the change of the concentration of O2 and CO2 in the MAP system: product respiration, 
transfer of gases through the package and the perforations, volume change in the 
packaging headspace and temperature influence on all of these processes. During this first 
stage, tomato, a well-known fruit with a low rate of respiration was used for the experimental 
tests to verify that the MAP model was adequate, that all the necessary equations have 
been incorporated and that indeed it was possible to represent the evolution of gases in the 
packaging headspace with a fruit included. Furthermore, parameters of permeability for 
three packaging materials and of transmission of gases through the perforations were 
determined.  
 
With the MAP model developed, in Chapter 3 were proposed the suitable equations and 
the required parameters were estimated to describe the rates of consumption O2 and 
production of CO2 for the feijoa fruits and then this information was incorporated into the 
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model after validation in a short storage test. With the MAP model ready to represent the 
evolution of O2 and CO2 in the packaging headspace, the equations necessary to represent 
the process of transpiration and weight loss of the fruit packed and the evolution of moisture 
in the packing system were also incorporated in Chapter 4. At this point, the weight of the 
fruit is no longer considered constant in the MAP system and the process of weight loss is 
considered as the sum of water transferred from the product due to the gain of energy from 
its respiration process and the difference in water activities between the product and the 
surrounding atmosphere. In this way, the MAP model can successfully describe the 
evolution in the concentration of O2, CO2 and water vapor in the packaging headspace, the 
weight loss of the packed fruit and the condensing water inside the packaging.  
 
In Chapter 5, the MAP model was used to obtain through simulation, MAP systems with 
different equilibrium gas concentrations (EMAP) and thereafter it was used to determine 
which of these EMAP would best preserve the feijoa fruits. First, several quality-indicative 
properties of the fruits were measured in their physiological maturity stage and in their 
ripeness stage (commercial maturity). Then, the evolution in the deterioration index, weight, 
content of organic acids, firmness and color was measured for the different EMAP systems 
evaluating for which of these systems the change of the properties was lower. Afterwards, 
the models to represent the change in firmness and color of the packed fruits as a function 
of the concentrations of O2 and CO2 and the storage temperature were developed from 
experimental data and from the information obtained in the literature review literature in 
Chapter 1. Respecting color, a specific model for each of the three coordinates of the 
CIELAB space, L*, a* and b* was successfully obtained. 
 
With the MAP model, it is possible to determine in advance the gas concentrations 
corresponding to a particular storage conditions for flexible packaging systems. This is very 
useful since it allows adjusting the most suitable packaging system for the fruit preservation 
through the combination of permeation and transmission of gases through the packaging 
film and the perforations, avoiding reach unfavorable concentrations of gases and 
excessive weight losses or product deterioration by excessive condensation inside the 
packaging. 
 
With the firmness and color models for its part, it is possible to predict the behavior of these 
properties of the packed product in different MAP conditions and by knowing the values 
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corresponding to the ripeness stage, it is also possible to predict the storage-life of the 
product for a determined EMAP configuration. 
Conclusions 
An integrated mathematical model to describe the evolution of O2 and CO2 concentrations, 
and relative humidity in a MAP system with perforations and variable volume was 
successfully established and applied to feijoa fruits. In the model, the diffusive gas 
permeation through the packaging film and the perforations were taken into account using 
Fick’s equations to describe these processes of gas exchange; the fruit respiration was 
represented using Michaelis-Menten enzyme kinetics and the fruit weight loss was 
described by considering the transfer of water from the packed product to the headspace 
and the water that is condensed in the packaging walls. The dependence on temperature 
was incorporated using the Arrhenius’ Law in the permeation, respiration and weight loss 
parameters. The capacity of the model was verified with experimental data, achieving good 
prediction results for feijoa fruits packed in low-density polyethylene (LDPE), cast 
polypropylene (PP) and polylactic acid (PLA) bags at different storage temperatures.  
 
The developed model was successfully used to set different equilibrium modified 
atmosphere packaging (EMAP) combinations with steady gas levels in the packaging 
headspace at different temperatures. By evaluating different EMAP configurations 
predicted by the model, it was possible to establish a packaging system with perforated PP 
bags that allowed the conservation of feijoa fruits for up to 38 days with equilibrium gas 
levels in the headspace of 8.21 kPa of O2 and 5.82 kPa of CO2 at 6 °C. 
 
Once the evolution of gases in the MAP system was addressed, other models to represent 
the change in firmness and flesh color of the feijoa fruits stored in EMAP were successfully 
developed. First-order kinetics with fractional conversion were used to describe firmness 
and color lightness, a zero-order equation for color coordinate a* and a modified enzyme 
kinetics for color coordinate b*. The effect of the O2 and CO2 concentrations in the 
packaging headspace was considered using a Michaelis-Menten equation, incorporating a 
respiration term for firmness and using chemical kinetic equations for the color coordinates. 
The dependence on temperature was incorporated using Arrhenius’ Law in the parameters 
of change of each property. These models can trace the evolution of firmness and color 
coordinates L*, a* and b* as a function of storage temperature and O2 and CO2 
concentrations in the EMAP headspace at O2 levels of at least 4kPa. 
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Future developments 
The models developed in this study allows many additions to predict the behavior of 
complex packaging systems in a wider range of conditions. 
Rigid packaging and temperature variations 
In this study, the behavior of flexible packaging systems with variable volume was 
addressed; however, for many products, it is necessary to use rigid packaging to avoid 
mechanical damage or for easy carrying. In these rigid systems, the rate of gas exchange 
required to reach the EMAP concentrations occurs almost exclusively through perforations, 
but just as for flexible systems, it is possible to define in advance the amount and the 
number of perforations required to obtain the desired O2 or CO2 levels. Since the volume of 
the MAP system is constant, the change in the amount of gas in the headspace will lead to 
changes in the system pressure. This behavior can be incorporated into the model using 
Poiseulle's equation. If the package is large (capacity greater than 5-10 L), the 
concentration of gases cannot be considered uniform throughout the packaging 
headspace. In this case, Fick’s equations of diffusion should be replaced or supplemented 
with equations to incorporate the change in gas concentration with respect to the position 
and to take into account the convection processes in the gas transfer through the 
headspace. Several models based on the Maxwell-Stefan equations have been proposed 
for this type of systems, where the numerical solution is achieved using finite element 
methods. 
 
In the cold chain of storage, temperature often cannot be maintained at a constant 
throughout the period. By using the MAP model, it is possible to simulate a transport chain 
with storage intervals at different temperatures. For this, each storage interval at a given 
temperature is considered individually in the numerical solution of the entire problem. The 
initial conditions of the first interval (concentration of gases, P, T, interval duration, etc.) are 
defined in advance and the initial conditions of the subsequent intervals will be the final 
conditions of the previous ones, until a serial solution is reached for all of them. Here, it is 
necessary to experimentally check if changes in temperature have an effect on the 
metabolism of the product by changing the parameters of the equations of respiration and 
transpiration, which in principle are considered temperature-independent. 
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Active packaging 
The storage life of a product packed in a MAP system can be extended using elements that 
contribute actively to this purpose. In fresh or minimally processed products, it is desirable 
to decrease the presence of O2, ethylene or condensation inside the packaging to adequate 
levels and often, for practical or cost reasons, the permeation capacity of the packaging 
system is not enough to achieve this by itself.  On the other hand, sometimes it is necessary 
to increase levels of substances needed for the best preservation of the product. The rate 
of removal or release of these compounds in the packaging headspace can be incorporated 
in the system of differential equations of the MAP model, adding the appropriate 
parameters. For example, in the case of ethylene, whose action should be reduced in the 
packed product, it is possible to incorporate a matrix, such as zeolite, silica gel or the 
packaging film, into the system to actively release 1-methylcyclopropene (1-MCP), which 
binds to the ethylene receptors in the cell membrane, decreasing its activity and delaying 
ripening. It is also possible to estimate the controlled release of other antioxidants or 
antimicrobials by incorporating the appropriate desorption kinetics into the model. In other 
studies have been proposed mathematical models to represent active packaging but none 
of these has been developed for use in MAP systems. 
Predicting storage life 
Regarding to the models of prediction of color and firmness, of course, it is necessary to 
find the parameters required for other fresh produce, which are important for producers and 
distributors. With this model, it is possible to predict the shelf-life of a packed product, in 
other words, to predict the time required for the produce properties to reach certain values, 
the values of ripeness, under established EMAP conditions. In this way, not only can the 
EMAP combination that results in a longer storage-life be estimated, but the preservation 
time in any type of storage conditions can also be defined beforehand. In practice, it is often 
not possible to have the desired EMAP system (type and surface area of packaging, 
perforation size or temperature), so it is useful to know what storage-life can be achieved 
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